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EXECUTIVE SUMMARY 
EVALUATION OF STONE COLUMN STABILIZED EMBANKMENT FOUNDATION 
The objectives of this study were to document, analyze, and 
make recommendations as to the effectiveness of an experimental 
foundation reinforcement technique. This technique utilizes the 
partial replacement of weak foundation materials with stone columns 
and densification of the remaining foundation material to 
strengthen a weak foundation. 
The stone column procedure was used at a bridge approach 
foundation for US 42 in Gallatin County. Analysis had indicated a 
potentially unstable embankment with unacceptable settlement if 
constructed on the original foundation. rhe stone column procedure 
has provided sufficient foundation improvement. Field data indicate 
continuing settlement and lateral displacement in the foundation, 
but of relatively small magnitudes. 
Construction procedures were generally satisfactory. Problems 
encountered were few with the primary ones being the use of a 
different material for the working platform than was used for 
column construction and insufficient subsurface information prior 
to beginning of construction. 
Pavement settlement continues to be a problem but the primary 
contributing factor appears to be embankment slumping. 
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INTRODUCTION 
On December 2 7 ,  1983, a contract was awarded for the 
construction of a bridge and bridge approaches on US 42 in Gallatin 
County (Figure 1). The bridge would replace an existing steel 
truss structure over Sugar Creek, where Sugar Creek flows into the 
Ohio River. The north approach for the new structure would require 
that an embankment be constructed adjacent to the existing 
embankment. The new embankment would spill into Sugar Creek Bay -­
a backwater area of the Ohio River (Figures 2 and 3 ). 
A geotechnical investigation of the site was conducted by 
personnel of the Division of Materials of the Kentucky Department 
of Highways. The foundation for the proposed embankment included 
a very soft, unstable material approximately 2 5  feet thick covered 
by five feet of water. The material classified as A-6 . Liquidity 
indices ranged from 0.50 to 1. 48. The natural moisture contents 
ranged from 2 9  to 41 percent. Undrained shear strengths, c, ranged 
from 140 pounds per square foot to 1,893 pounds per square foot. 
Results of consolidated-undrained triaxial tests on samples from 
a depth of 18 to 2 5  feet, at 57 feet right of Station 2 0+00, 
yielded an effective friction angle, 8', of 3 2  degrees and 
effective cohesion, c', of zero. Material properties as determined 
from field tests and laboratory tested samples from 57 feet right 
of centerline at Station 2 0+00 are shown in Figure 4. 
A stability analysis was performed by the Division of 
Materials' personnel using the simplified Bishop's method of 
slices. Data used in the analysis are shown in Figure 5. The 
short-term, factor of safety was as low as 0.7 with the critical 
failure circle located as deep as 12 feet into the unstable 
foundation. In addition to the low factor of safety, long-term and 
differential settlements were considered unacceptable. Calculations 
predicted a settlement of approximately 3 8  inches under the right 
shoulder and 90-percent consolidation in 7 .3 years. Because of the 
poor foundation, several construction alternatives were considered: 
(1) elimination of the embankment by extending the bridge 
3 00 feet, 
(2)  a sheet pile retaining wall having permanent ground 
anchors, 
(3) a lightweight fill material and retaining wall, 
(4) stabilization of foundation by use of stone columns, 
or 
(5) the construction of a new super structure using the 
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existing pier and abutments. 
After consideration of all alternatives, District Design 
Office personnel recommended the use of stone column stabilization. 
With the foundation improvement, 90 percent of the consolidation 
would occur in 19 days and the maximum settlement was predicted to 
be 16 inches. Design calculations and recommendations were prepared 
by Division of Materials' and by GKN Keller, Incorporated of Tampa, 
Florida personnel and are included in Appendices A and B. A GKN 
Keller Incorporated crew constructed the stone columns. Layout of 
the stone columns is shown in Figure 6. 
Bid prices for construction of the foundation improvement were 
$14.95 per linear foot for the stone columns and $20.00 per cubic 
yard for the working platform. Because of the relative lack of 
knowledge of this procedure, a proposal for monitoring the 
construction and performance of the procedure was submitted. The 
objectives of this study were: 
1) to document construction procedures and obtain 
base-line performance data; 
2) to analyze field behavior from settlement, lateral 
movement,and earth pressure data; and 
3) to make recommendations as to the effectiveness and 
future use of this method. 
INSTRUMENTATION 
Instrumentation at the site was located primarily along a 
cross section of the fill approximately at Station 20+38 . 
Additional instrumentation was located similarly at Station 21+07 
and at other points in the fill (Figure 7) . Instrumentation 
included earth pressure meters, multi-point settlement gages, 
horizontal slope inclinometers, and vertical slope inclinometers. 
Division of Materials' personnel also installed one vertical slope 
inclinometer and a settlement platform in the north approach fill. 
STONE COLUMN REINFORCEMENT 
The stone column procedure involves improvement of existing 
soil foundations by partial replacement of the unstable material 
with compacted columns of granular material. This is accomplished 
by penetrating the soil with a vibrating probe, normally to the 
depth of a more competent material. The void thus created is 
backfilled with stone, which is compacted and forced radially into 
the surrounding material using the vibrating probe. This action 
interlocks the stone column and in-situ soil. 
For this project, the wet method was chosen. Located just 
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above the tip of the probe are jets through which water is forced. 
The constant flow of water removes displaced material from the hole 
and, by means of the hydrostatic head, stabi�iz€ls th<il walls of th<il 
hole until the stone column is in place. Water pressure is supplied 
by an external pump. In this case, it was a 6-inch diameter pump 
capable of 100-150 pounds per square inch pressure. Pump capacity 
was 3,000 gallons per minute. 
The dry method was not used because of concern that the silty 
foundation material would collapse the hole before the column 
material could be placed. The vibrator probe used for this project 
was an ''s'' type. Vibrations are produced by an electrically driven 
eccentric weight assembly to produce high centrifugal forces in a 
horizontal plane at a frequency of 1,800 revolutions per minute and 
an amplitude of 0.25 inch. Power was supplied by a diesel-generator 
set at 250 KVA (minimum), 380 volts at 60 cycles per second. The 
system delivers 120 kilowatts or 165 horsepower. 
CONSTRUCTION 
Construction began in February 1984 with placement of a 
geotextile over the foundation in the area where stone columns 
would be constructed. The geotextile was used to stabilize the 
working platform and prevent the leaching of fine material in the 
foundation into the platform. The working platform was then 
constructed by placing No. 57 stone to an elevation of 
approximately 457.0 feet. Construction of the stone columns began 
in the first week of March with five test columns being placed. 
A total of 7, 557 linear feet of column was constructed at an 
average rate of 0.71 foot per minute. This rate varied from a low 
of 0.26 foot per minute in areas of stiffer clays to 1.42 feet per 
minute in the more silty areas. Average column diameter, as 
constructed, was 4.0 feet. Typical column construction sequence is 
shown in Figures 8, 9, and 10. A copy of the special notes 
applicable to stone column construction is included in Appendix 
c. 
Field inspectors monitored the quantity of rock used to 
construct each column, the driving force of the vibrating probe, 
and the length of each column. The material used for column 
construction was stockpiled and a weight per unit volume 
determined. An average bucket load of the loader was then 
determined. Inspectors then counted the bucket loads placed in 
each column. 
The electrical current driving the vibrating probe was 
monitored during the voiding of the hole and during the compaction 
of the column. Copies of the field inspector's guide and the 
inspector's records specifically concerning the stone columns are 
contained in Appendices D and E, respectively. Construction of the 
embankment began when the stone columns were complete 
(approximately May 1, 198 4), and was essentially to grade 
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elevation by June 1 8 ,  1984. 
PROBLEMS 
Due to the limited number of in-situ shear strength tests or 
samples recovered from borings, insufficient data were available 
to determine the precise nature and extent of the problem 
foundation material. During construction of the stone columns, 
an interbedded layer of clay of much higher shear strength was 
encountered. To penetrate this layer, the probe was raised and 
dropped repeatedly, thus decreasing the rate of construction of 
the stone columns. Additional borings were made and vane-shear 
tests were performed. As a result of the new data, the Division of 
Materials' engineers redesigned some columns. Most columns between 
Station 20+50 and Station 21+65 were constructed to a depth of 22 
feet as compared to a design depth of 37 feet (see Figure 11) . 
This reduced the total linear feet of column from 8,462 feet to 
7, 557 feet. 
The working platform was constructed of No. 57 stone . The 
stone appeared to be river gravel since the particles were well 
rounded. During construction of the holes for the columns, the 
platform material would slough into the holes and form the base 
of the columns. It was estimated that the bottom 5 feet of many 
columns was comprised of this material . This was a problem, 
particularly in the area where punching through the clay layer was 
necessary. The particle size of the platform material was also a 
problem because the water used for flushing the holes produced 
significant erosion of the platform. Particle-size distribution of 
the platform material is shown in Figure 12. 
Use of the wet method washed a large amount of fine material 
out of the foundation. This presented the potential for a serious 
silt pollution problem since the nature of the foundation 
improvement procedure often includes the presence of a nearby 
stream or body of water. In this instance, there was some material 
washed into the bay, but generally the use of straw bales as a silt 
dam confined the washout to the working platform (Figure 13) . 
INSTALLATION 
During the drilling and testing that led to redesigning some 
stone columns, three vertical slope inclinometers were installed 
at the location of the toe of the new embankment as follows: 
Station 19+63 -- 28 feet right of centerline (Boring 9) , St 
ation 20+38 -- 62 feet right of centerline (Boring 8) , and Station 
21+05 -- 57 feet right of centerline (Boring 7) . During drilling, 
undisturbed soil samples were obtained for laboratory testing . 
After completion of the stone columns, the working platform 
was brought back to the original elevation (457 feet) . At Station 
20+38 ,  a multi-point settlement gage was installed perpendicular 
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to the centerline. Some monitoring points were centered over stone 
columns and others were placed between columns (Figure 14). 
A horizontal slope inclinometer was placed at the same location. 
'Phese iw;truments were installed to monitor total foundat · 
settlement and potential differential settlement between stone 
columns and the surrounding soil. 
Earth pressure meters were installed along a line 
perpendicular to the centerline at Stations 20+38 and 21+07 . 
Meters were located both directly above and between columns as 
were the settlement monitoring points. The meters were located to 
monitor the potential stress concentration on the stone columns. 
After the fill was constructed to approximate grade 
elevation, two vertical slope inclinometers were installed . They 
were located at Station 21+07 18 feet right of centerline 
(Boring 11), and Station 20+38 18 feet right of centerline 
(Boring 12). 
LABORATORY DATA 
Laboratory testing consisted of moisture content 
determinations, soil classification tests, and triaxial tests . 
Results of all laboratory tests are listed in Table 1. Moisture 
content data indicate a possible change in the soil at a depth of 
approximately 33 feet. This is at an elevation of 424 . 0  feet. At 
Boring 7, moisture contents increased with depth to 47. 9 percent 
at 22 feet. The sample obtained at 32 feet contained free water 
and was not tested. Below that depth, moisture contents did not 
exceed 24 . 6  percent. 
At Boring 8, the moisture content was greatest at depths less 
than 33 feet, with a high of 44. 9 percent at 28 . 5  feet . Below a 
depth of 33 feet, the high moisture content was 30. 5 percent . 
Classification tests indicate that the material less than 
33 feet deep generally classifies as A-6 or a fine clayey material. 
Material greater than 33 feet deep classifies as an A-4 or a fine 
silty material. 
Two types of triaxial tests, UU (unconsolidated-undrained) 
and CU (consolidated-undrained), were performed on samples 
primarily from the upper layer or clayey material . Cohesion, c', 
obtained from UU tests ranged from 446 pounds per square foot to 
7 63 pounds per square foot. The average friction angle from CU 
tests was 2 8 . 2  degrees. 
STABILITY ANALYSES 
A stability analysis using Bishop's simplified method of 
slices was performed. Material parameters used were those existing 
after the working platform was in place but before the stone 
columns were constructed near the analysis section. The cross 
section may be seen in Figure 15 and the material parameters are 
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listed in Table 2. Four sets of conditions were analyzed: 
Case 1. No stone columns (water table at normal pool) , 
Case 2. No stone columns (rapid drawdown) , 
Case 3. Stone columns in place (water table at normal 
pool), and 
Case 4. Stone columns in place (rapid drawdown) . 
In all cases, the working platform was in place. Stone columns 
were assumed to have been constructed as designed, except they did 
not extend through the working platform. This assumption was made 
because material was added to the working platform after stone 
column construction was complete. In cases involving rapid 
drawdown,the water table was assigned the same coordinates as the 
ground line, thus assuming saturation of the entire fill. The 
lowest factor of safety occurred in Case 2 ( 0. 9 6 6) . In Case 1, 
the factor of safety was 1.088. In cases including stone 
columns, the lowest factor of safety was 1. 256 for Case 4. The 
lowest factor of safety for Case 3 was 1.725. Factor of safety and 
failure circle data are listed in Table 3. The critical failure 
circle in cases for no stone columns passed through the foundation 
below the working platform. In cases including stone columns, the 
critical circle was restricted to the working platform. 
FIELD DATA 
Earth Pressure 
Earth pressure meters Nos. 117 through 120 were placed right 
of Station 20+38. Meters Nos. 117 and 120 were placed directly over 
Columns 10-F and 10-B, respectively. Meter No. 118 was placed 
between Columns 10-E and 11-E. Meter No. 119 was placed between 
Columns 10-C and 11-C. Meters Nos. 121 through 124 were placed 
right of Station 21+07. Meters Nos. 121 and 124 were placed 
directly over Columns 20-F and 20-B, respectively. Meters Nos. 122 
and 123 were placed between Columns 20-E and 21-E and 20-C and 
21-C, respectively. All meters except No. 122 and No. 123 
functioned properly. 
As shown in Figure 16, earth pressures at the meter locations 
remained nearly constant after approximately 30 days. Pressures 
ranged from 31. 8 pounds per square inch under the highest fill 
(Meter No. 124) to 9.0 pounds per square inch under the lowest fill 
(Meter No. 121) . To more clearly illustrate the pressure 
distribution on the foundation, the effective density of the fill 
was calculated for each meter location from; 
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De Pm/Pc 
in which De = effective density 
Pm = measured pressure (pounds per square inch) and 
Pc = calculated pressure (pounds per square inch) . 
Pc is calculated as the pressure exerted by the weight of the 
fill over any point and is expressed as 
Pc yh/144 
in which y = unit weight of fill material (pounds per cubic 
foot) and 
h = height of fill over point for which pressure is 
being calculated (feet) 
The unit weight of the fill as determined by the Department 
of Highways, Resident Engineers Office personnel, was approximately 
130 pounds per cubic foot. Using this value, the calculated De 
ranged from 0. 9 9  to 1. 51, with De generally increasing as fill 
height increased. Pressure data, including meter identification, 
meter location, fill height at meter locations, calculated 
pressure, measured pressure, and De, are listed in Table 4. 
Settlement 
Settlement of the foundation was monitored by a multi-point 
settlement gage and a horizontal slope inclinometer. Data obtained 
by the Department of Highways' crew using a settlement platform 
were available for comparison. Settlement gage data and settlement 
platform data indicate similar settlements at the nearest common 
points. 
The settlement platform was placed at the Station 20-25 -- 18 
right of centerline. The settlement gage was placed at Station 20-
38 with Point 5 being nearest the centerline at approximately 15 
feet right. Settlement platform data, Figure 17, indicate 
settlement of 9 . 4 inches some 1, 360 days after construction began. 
Settlement gage data indicate 8.0 inches of settlement at 
Point 4, which is approximately 22 feet right of centerline (Figure 
18). Settlement at other points on the gage ranged from 6.5 inches 
at Point 1 (lowest overburden) to 7.3 inches at Point 5. Settlement 
gage data were obtainable for approximately one year. At that time, 
settlement gage data (8.0 inches at Point 4) and settlement 
platform data ( 8.2 inches) indicate similar settlement. 
The horizontal slope inclinometer was placed along side the 
settlement gage and extended to approximately 8 feet right of 
centerline. Due to the method of reading this instrument, a 
cumulative error was introduced into the data. This system should 
be read twice with the sensor direction reversed between readings 
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to compensate for ' zero offset' errors. These errors are caused by 
slight misalignment of the acceleronometers in the sensor. Readings 
were taken in only one direction at this site. 
The true magnitude of settlement, as reflected by Lhi3 
instrument, is unknown, but general settlement trends may be noted 
in Figure 19 . ·Settlement increases as height of fill increases 
(also indicated by settlement gage data) to a point 44 feet along 
the horizontal inclinometer or aprroximately 20 feet right of 
centerline. After a distance of 6 feet, in which the settlement 
remains approximately the same, settlement begins to decrease. This 
is probably because the unstable foundation layer is thinning, in 
this area and the height of fill is constant. In Figure 20, the 
settlement as indicated by the three measurement systems, plus the 
fill and soft foundation are shown. 
From the time monitoring instruments were in place, a total 
of 9 . 4 inches of settlement was recorded. This is less than the 
predicted 16 inches of settlement. However, as noted earlier, 
construction of the working platform and stone columns resulted in 
subsidence of the foundation to a dgree requiring additional stone 
for the platform. In some areas, as much as 2 feet of stone was 
added to bring the working platform back to design elevation. 
Because a large portion of the total settlement had taken 
place before monitoring began, neither the true magnitude of 
foundation settlement nor the completion of primary consolidation 
could be determined precisely. in Figure 231, the settlement gage 
data (average of all points) , the settlement platform data, and an 
adjusted horizontal slope inclinometer seetlement are plotted as 
a function of the square root of time. In this figure, the maximum 
horizontal slope inclinometer settlement is set equal to the 
maximum settlement gage settlement. As well as may be determined, 
9 0  percent of consolidation, after embankment construction began, 
occurred within approximately 200 days. 
Pavement elevations were monitored with the initial data 
obtained on July 10, 1985. By that time, the pavement had been in 
place for approximatley 10 months and pavement settlement was 
obvious. By July 29 , 1986, the pavement had been patched and at 
least one more patch was placed by January 2 0, 198 8. Patching 
extended approximately 40 feet from the bridge. 
Pavement settlement is shown in Figure 22. The data obtained 
on July 10, 1985 was used as base line data. Subsequent data were 
adjusted for patch thickness. Pavement settlement from July 10, 
1985 to January 20, 1988 was apparently from 3.0 to 3. 5 inches with 
most settlement occurring within 60 feet of the bridge. 
Lateral Displacement 
Lateral displacements of the fill and foundation were 
monitored using vertical slope inclinometers. Three (Inclinometers 
7, 8, and 9 )  were placed at the toe of the fill on the bay or south 
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side. Two (inclinometers 11 and 12) were placed on the south 
shoulder. The elevations at the tops of the Inclinometers 7 through 
9 were approximately 457 feet. The elevations at the tops of 
Incilnometers 1 I and I2 were 4 7 6 feet. Slope Inclinometer 9 was 
destroyed by construction equipment on August 27, 1984. 
At the time that Inclinometer 9 was destroyed, Inclinometers 
7, 8, and 9 indicated lateral displacement at the surface of 5. 5 
inches at Inclinometer 9 (Figure 23), 3.4 inches at Inclinometer 
8 (Figure 24), and 4. 8 inches at Inclinometer 7 (Figure 25). 
Displacement at Inclinometer 9 decreased to less than 1.5 inches 
at a depth of 8 feet and was virtually 0.0 inch at elevation 427. 0 
feet, or the bottom of the soft foundation layer. 
At both Inclinometers 7 and 8, most of teh displacement 
occurred between elevations 427.0 feet, which is the approximate 
elevation of the bottom of the soft foundation layer, and 450. 0 
feet. The additional 7 feet to the tops of the inclinometers was 
through the working platform. Displacement at the tops of these 
inclinometers was actually less than at the top of the soft 
foundation layer. Maximum displacements at Inclinometers 7 and 8 
were 6. 6 inches and 4.7 inches, respectively. 
Inclinometers 11 and 12 were installed after the fill was in 
place. Inclinometer 11 was installed in July 1984 and Inclinometer 
12 was installed in November 19 84. By that time, most of the 
lateral movement indicated by Inclinometers 7, 8, and 9 had 
occurred. Lateral movements as indicated by Inclinometers 11 and 
12 are shown in Figures 26 and 27, respectively. The greatest 
lateral movements at Inclinometers 11 (4. 9 inches) and 12 (3. 0 
inches) are the result of embankment slumping and occur within 5 
feet of the surface. However, lateral movement in the soft 
foundation layer, as indicated by Inclinometers 7 and 8, is 
reflected in Inclinometers 11 and 12. Total movements of each 
Inclinometer with embankment and foundation regions are shown in 
Figure 28. 
SUMMARY 
Field data indicate the embankment is subsiding wihin 60 feet 
of the bridge. During the period July 10, 1985 to January 20 1988, 
the pavement settled 3.0 to 3.5 inches. During that period, the 
foundation settled 1. 0 inch and moved laterally approximately 0. 6 
inch. This would indicate the foundation is reasonable stable and 
the greater portion of pavement movement is due to embankment 
creep. This phenomenon has been noted in other cases. When the 
minimum factor of safety is less than 1. 5, large embankment 
movements are common (1). At this site, the minimum factor of 
safety was 1.25. 
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CONCLUSIONS 
some facets of the inspection procedures for stone column 
construction are questionable. For example, due to the spillage 
and varying load sizes, counting buckets of rock appeared to be an 
innaccuarte means of determining the volume of a stone column. Even 
if the true volume of the column were determined, the configuration 
of the column, which could be important to embankment stability, 
remains unknown. 
Data indicate the original foundation and the stone columns 
act as a single unit from a long-term viewpoint. There is no 
significant differential settlement or stress concentration 
relative to the stone columns and surrounding soil. However, short­
term data indicate that stone columns did support more load than 
the surrounding soil as evidenced by stress spikes in Figure 16. 
If the assumption is made that the stone columns are 
constructed as designed, the embankment is reasonably stable from 
a shear failure point of view. The calculated worse-case factor of 
safety is 1.256 as compared to a calculated factor of safety 0.9 9 6  
without the stone columns. These values are the result of an 
analysis using data obtained immediately after the working platform 
was in place. 
In reality, the soft foundation probably had greater shear 
strength, due to consolidation, than was used in the analysis. An 
increase of 200 pounds per square foot in shear strength and 5 
pounds per cubic foot in unit weight would yield a factor of safety 
greater than 1. 2 in a worse-case situation. This is approximately 
the same as for stone columns and the weaker soil parameters that 
were used. It is possible that the embankment might have been 
constructed with an adequate factor of safety and less expensively 
by another method. 
From a pavement maintenance point of view, 
stability may continue to be a problem. Indications 
and/or consolidation in the embankment will lead to 
pavement maintenance problems. 
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Table 1. LABORATORY TEST DATA OF FOUNDATION SAMPLES ACQUIRED IMMEDIATELY BEFORE STONE COLUMN CONSTRUCTION 
I SAMPLE MOISTURE LIQUID PLASTIC FRICTION I 
I SAMPLE DEPTH CONTENT LIMIT LIMIT LIQUIDITY SPECIFIC CLASSIFICATION TRIAXIAL ANGLE COHESION I 
I NUMBER (feet) (%) (%) (%) INDEX GRAVITY AASHTO TEST TYPE (degree) (psi)* I 1-------------------------------------------------------------------------------------------------------------------------l 
Boring 7 Surface Elevation 457.0 feet 
S-1A 10-12 30.5 
S-lB 10-12 31.5 
S-2A 20-22 37.6 
S-2B 20-22 38.8 
S-2C 20-22 39.5 44.5 21.8 0.78 
S-2D 20-22 47.9 44.5 21.8 1.15 
s-3A 30-32 F.W* 39.8 22.0 
S-4A 40-42 22.4 24.7 19.fi 0.55 
S-4B 40-42 24.4 
s-4c 40-42 24.6 
Raring 8 Surface Elevation 457 feet 
1 5-7 F.W.* 
2 8-11 32.4 
3 10-12 33.7 38.3 25.5 0.64 
4 13-15 36.6 36.8 29.0 0.97 
5 15-17 33.3 
6 18-20 40.4 
7 20-22 33.4 
8 23-25 37 .o 22.0 21.5 31.0 
9 25-27 31.1 39.0 22.3 0.53 
10 28-28.5 44.9 44.3 24.5 1.03 
11 30-31 17.3 32.3 22.0 -0.46 
12 33-33.5 43.6 
13 35-37 30.5 
14 38-40 30.1 
15 40-42 24.4 18.0 
16 43-45 21.9 23.0 17.5 0.80 
17 45-47 25.7 20.0 20.25 -18.00 
18 48-50 25.5 22.0 21.5 8.00 
19 50-52 20.2 23.5 21.5 -0.65 
1 psi (pound per square inch)-;;,--6-.1i94--kP_a_ fkiiO-PasC-als) 
* F.t.J. indicates Free Water 
2.74 
2.665 
2.615 
2.690 
2.660 
2.675 
2.665 
2.655 
A-6 
A-6 
A-7-6 
A-4 
A-4 
A-4 
A-4 
A-4 
cu 28.3 0.0 
uu 3.1 
cu 0.0 
cu 27.8 3.3 
cu 27.8 3.3 
uu 3.48 
uu 28.4 5.30 
cu 28.0 o.oo 
uu 4.00 
uu 3.40 
uu 0.06 
TARLE 2. MATERIAL PROPERTIES USED IN SLOPE STABILITY ANALYSIS 
===================================================================== 
I MATERIAL COHESION (c') FRICTION ANGLE UNIT 1\TEIGHT I 
I NUMBER psf* (¢)(degrees) pcf** I 1---------------------------------------------------------------------l 
1 0.00 0.0 0.062 
2 0.32 26.1 0.135 
3 0.00 42.0 0.135 
4 0.32 26.1 0.135 
5 0.00 35.0 0.135 
6 0.00 42.0 0.135 
7 0.58 0.0 O.ll5 
8 0.92 0.0 0.125 
* 1 psf (pound per square foot) = 992.7 kPa
3
(kilopascals) 
** 1 pcf {pound per cubic foot) = 1.602 kg/m (kilogram per cubic meter ) 
13 
TABLE 3. SLOPE STABILITY ANALYSIS USING SIMPLIFIED BISHOP'S METHOD 
= = = ==================================================================== 
I 
COORDINATES OF FAILURE I 
CIRCLE CENTER I 
I CASE FACTOR ---------------------- RADIUS I 
I NUMBER CONDITIONS OF SAFETY X(feet) Y(feet) (feet) I 1-----------------------------------------------------------------------l 
I 1 No columns 1.088 1,080.0 80.0 44.0 I 
I Normal pool I 
I I 
I 2 No columns 0.996 1,075.0 80.0 42.0 I 
I Rapid DD* I 
I I 
I 3 Stone columns 1.725 1,095.0 85.0 34.0 I 
I Normal pool I 
I I 
I 4 Stone columns 1.256 1,095.0 85.0 34.0 I 
I Rapid DD* I 
I I 
* Rapid drawdown with total embankment saturated 
1 foot = 0.3048 meter 
14 
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Table 4. EARTH PRESSURE DATA AND LOCATION OF EARTH PRESSURE METERS 
================================================================================================ 
I CENTERLINE CALCULATED MEASURED EFFECTIVE I 
I METER OFFSET HEIGHT, h PRESSURE PRESSURE DENSITY I 
I NUMBER LOCATION (feet) (feet) (psi)* (psi)* (De) I 1------------------------------------------------------------------------------------------------l 
I I 
I 117 Center of column lOF 45 R 9.0 8.1 9.20 1.14 I 
I I 
I 118 Between lOE and llE 39 R 12.5 11.3 11.24 1.00 I 
I I 
I 119 Between lOC and llC 27 R 18.5 16.7 20.11 1.20 I 
I I 
I 120 Center of column lOB 21 R 22.0 19 .9 26.60 1.34 I 
I I 
I 121 Center of column 20F 45 R 9.0 8.1 8.05 0.99 I 
I I 
I 122 Between 20E and 21E 39 R 12.5 11.3 --- --- I 
I I 
I 123 Between zoe and 21C 27 R 18.5 16.7 --- --- I 
I I 
I 124 Center of column (20B) 21 R 22.0 19.9 30.08 1.51 I 
I I 
* 1 psi (pounds pet' square inch) = 6.894 kPa (kilopascals) 
1-
:: . 
• • - � - ... & 
Figure 1. US 42 over Sugar Creek in Gallatin County. 
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Figure 9. Probe Penetrating Foundation and Clearing 
Hole for Construction of a Stone Column. 
24 
Figure 10. Completion of a Stone Column. 
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APPENDIX A 
Design Calculations Presented 
by GKN Keller Incorporated 
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I. Stability Analysis 
A. Computer Stability Analysis with Given Soil Parameters Produces the 
·Following Data: 
Radius of Critical Slip Circle • 56. 75 ft. 
Elevation of Failure Circle Center - 497. 00 ft. 
Elevation of Failure Cirtle • 440 . 25 ft . 
(i. e. At Interface of very soft and soft clays) 
Total Driving Moment • 1294 Tons-ft. /ft. 
Total Resisting Moment • 873 Tons-ft. /ft. 
Existing Safety Factor (Fs ) • 873/1294 - 0.67 
Required Factor of Safety (FR) 
Required Resisting Moment 
- 1 .  3 
• 1294 x 1 . 3  • 1682 Tons-ft . /ft.  
B. Soil Parameters used in Calculations 
l.  Stone � 
Diameter (d) - 3. 5 ft. 
Area (As) - 9 . 62 ft.
2 
Spacing (S) - 7 ft.  
Area Treated by Column (A) - 42 ft. 2 
Friction Angle cfsl 
Unit Weight • � 8 • 125 PCF 
2. Embankment 
A'·erage Height (h) • 10 f t .  
• 800 PSF 
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Initial Friction Angle Cf1> 
Unit Weight (hl 
Equivalent Friction Angle <¢1E) 
3 .  Very Soft Clay 
Cohesion (C2l 
Friction Angle (C2) or (C2El 
Unit Weight <o2J 
C. Shear Force of Single Stone Column 
From Enclosed Design Manual: 
Load in a Single Stone Column • L • L1 + L2 + F 
To Calculate F: 
V • A(h - a) + a/3(A + As + ./A · As 1 - Ash 
where a • 5-d/2 x tan(45° + ;lE/2) 
• 7 - 3.5/2 x tan(58.75°) 
• 1 . 75(1 . 63) - 2.85 ft.  
• 125 PCF 
• 2 7 . 5° 
• 100 PSF 
- 0 
• 110 PCF 
v • 42(10 - 2.85l + 2 . 85/3(42 + 9 . 62 + V42(9.62l1 l - 9 . 62(10l 
• 300 . 3  + . 95(71 . 7 )  - 96 . 2  • 272.2  f t . 3 
Weight of Fill • V 1 • 272.2 x 125 • 34025 lbs. 
For Active Pressure Ka • 1/3, then 
F • V 1Ka tan�lE • 34025(1/3) (0.52) • 5898 lbs • 2 . 94 Tons 
Thus L • L1 + L2 + F 
- 9 . 62(125) (10) + 9 . 6 2 (15) (65/2000) + 2 . 94 
• 6.01 + 4 . 69 + 2 . 94 • 1 3 . 64 Tons 
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D. Additional Resisting Moment From 8 Rows of Stone Columns 
is given by: 
b. �  • nR/S 6 
where n • Number of Column Rows 
R • Radius of Slip Circle 
S • Spacing 
s • Additional Shear From Column 
Ma • 8(56 . 75) /7 (13.64) • 884.65 Tons-ft . /f t .  
Thus Safety Factor after Stone Columns • 873 + 884.65/1294 • 1 , 3671 . 3  
E .  Stress Concentration Factor 
Lc • A - Ag/Ag(Ag(h) + (F/ 1) / A - A6(h) - (F/ 1) ]  
• 42 - 9 . 62/9.62 ( (9 . 62 (10) + 2 . 94(2000/125) ) /  (42 - 9 . 62(lo)-2.9411Y��> J 
• 3 . 36[ (96.2 + 47.04 ) / (323 . 8 - 47.04 ) ]  • 1 . 75 
II. Settlement Analysis 
A .  Prior to Soil Improvement 
Assume: 
Backfill 
Co.hesive Layer 1 
Cohesive Layer 2 
Height (f t . )  
125(max) 
12 
13 
Density (PCF) 
125 
110 
112 
Modulus of 
Elasticity E(TSF) 
15 
30 
Consider No Significant Settlement in Underlying Layers 
1 .  Settlement (S) • Strain (Height) 
Stress (Height) /  E 
2. 
Layer 1 :  S • 1 . 56(12) I 1 5  • 1 . 25 '  
Layer 2 :  S • 1 . 56(13) I 30 • 0 . 68'  
s • 1 . 931  • n.:.!" 
Settlement 
From: 
(S)  • Cc/1+e0 (B) 1ogl0 Po + AP/Po 
Stress • Backfill Ht. ( )') 
• 125(25)/2000 
• 1 . 56 TSF 
cc • •  009 (L, - 10) 
- . 009 (38-10) Consol Curve From Bole 9@ 18'  - 20' 
• 0.25 
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Thus S • . 25/1 . 73 (25) [ log 12 . 5(110) + 25(125) 1 1 2 . 5 (10) 
• 3 . 24 log 3 . 27 
s • 3 . 2 4 ( . 51) • 1 . 65 '  • 19.8" 
Say Estimated Settlament at 22" 
B. Settlement Improvement 
1 .  Wet Process - Surface Backfill Placement 
Alii&Ume : Column Diameter 
Spacing 
Friction Angle 
Settlement 
- 3 . 5 '  
• 71 X 61 
• 45° 
• Settlement (untreated) /  Lmnrovemeot) --- ractor (.n 
A • Gross Area • 7 '  
A8 • Column Area • 
x 6' • 42 ft . 2 
( 1 . 75) 2 . 9 . 62 ft. 2 
A/A6 • 42/9.62 • 4 . 4  
From Attached Chart (by Priebe) 
s • 22 I 2 . 8  • 7 . 9" 
h • 2 . 8  
2 .  Dry Process - Bottom Feed Backfill 
Assume: Column Diameter • 3 '  
Spacing • 6. 25' 
A • 6.251  X 5 . 5 1 • 34.4 ft  . 2 
A • • 7 . 07 ft.
2 
A/As • 34. 4  I 7 . 07 • 4 . 87 
From Chart n • 1.:1. 
5 • 22 / 2 . 7  • 8 . 1" 
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X 5 . 5 1 
C. Rate of Consolidation 
Assume: 
1 .  
2 .  
3. 
Coefficient of conaolidation 
At Least 3 Month Interval From Embankment Placement 
to Project Finish 
One Way Drainage ( i . e .  25 ' )  in Soft Cohesive Soil 
cv • Tv I t H2 
1o-3 • Tv (25 x 12 � 2 . 54)
2 1 90 x 24 x 3600 
Tv • . 013 
Consol3 • 15% 
From Hansbo Sand Drain Design 
Assume: 
Triangular Spacing of 7' with Diameter • 3 . 5 '  
R • Effective Drain Radius • 0 . 525(7) • 3 . 68'  
r • Drain Radius ., 1.  75' 
n • Rlr • 3 . 6811. 75 • 2 . 1 '  
Tr • Ch t l  4R
2 • 10-3(90 X 24 X 3600)14(3.68 X 12 X 2 . 54)2 
- 7 . 8  X 103 I 5 X 104 
• 1 . 56 x 10-1 • 0 . 16 
From Hansbo Chart Sat Consol (UR) • 90% 
Then Conso1 (U) • 100 - 11100(100 - Uv) (100 - UR) 
• 100 - 8 . 5  • 91.5% 
In summary, it must be understood that the above calculations have been 
generated from a very limited amount of soil information and should be 
viewed with this fact immind. 
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APPENDIX B 
Design Calculati ons Pres en ted 
by Division of Ma terials , 
Depar tment of Hi ghways 
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Design Procedures 
Area Replacement Ratio, 
•a • 0 . 907 (datone/5)
2 
• • 0.907 (3.5/7)2 • 0.227 • 
Streas Concentration, n • 3 
dSTONE • 3 • 5 ' 
S • 7 '  c.-c 
DE • 1 .055 • 7.35' 
Corrections for Stress Concentration in Rock Column 
0atone 
• 0 +Ao• ' 
where 
oatone • atreas in atone column due to concentration of load, 
o • uaual atreas due to fill weight ,  
6o• • change added t o  give atress concentration. 
Ao8 • (H.-1 ) o 
Aoa • <•a-1 ) YF111Rr111 
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�. • n/(l+(n-l)a.) • 3/(1+(3-1)0.231 • 2.05 
Therefore: 
Ao! • (2.05-l) (125 pcf) (27 ft. )  • 3560 paf 
oatone • (125 pcf) (27 ft. ) + 3560 • 6935 
Asaume a fictitious aoil over rock column to aodel &tress concentration. 
lta thickness of T is assumed to be 0.5 feet. Ita unit weight is 
Ao0/T • 3560 paf/0. 5  ft. • 7120 pcf 
therefore for y of fictitious clay 
�. • 1/ (l+(n-l)a8) • 1/(1+(3-1)0.23) • 0.685 
ad 
Ao0 • (0.685-l) .YFill BFill • -1063 psf 
and 
Yclay (fictitious) • -2126 pcf for 0.5-foot layer. 
Calculation of Equivalent Stone Column Width and Spacins for Stability Analysis 
Width. W, of solid strip having aame Area and volume of atone: 
w - A,/5 
Where 
A1 • Area of compacted atone • DD2/4 
• B(3.5)2/4 
- 9.62 ft .2 
Therefore 
w .  9.62 ft.2/7.0 ft • •  1.37 ft. 
Equivalent Spacing • A8/a8S • 9.62 ft.2/ (0.23x7) • 6.1 ft. 
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(1) 
(2) 
(3) 
Settlement Calculat ions at Shoulder-Worst Case-Bad 
Soil Extending under Embankment 
Mote : Conservative compared to literature on GIN ieller'a •thod using 
Priefe ' a charta. 
450 
y .  110 
e0 • . 93 
y .  112 
e0 • . 89 
y • 125 
e0 • .845 
LL • 38 �-:::..- - -"1 
C0 • .25 (Est. ).,. ....._ .;;.. 
·, ...... 
' '- ' .... ft2 LL • 38 -... ...- ....... . C0 • .22 (From test) '-.. 
LL • 24 
C0 • .126 Est. 
P-125 x·22 + 67.5 
X 5 • 3063 
y • 125 pcf 
yb 62 .6 pcf 
� 01 • 6 X (110-62.4) • 285.6 
- 0 • 571+7 (112-67.4) • 918 
02 
-o • 1266 + 11(62.6) • 1954.2 
03 
Vertical Streas Comp_onent, Dz• ! [a 8 + x. a] na 
HAVFAC DH 7-1 Fig. 5-2 
LA'!l:R 1 
0 • 3063 1s4 ' en> + 54' (1. 515) 1 Z (8)54 I 1i" 
"1 · • 1. 515 BAD. 
8 • 8/4 BAD. 
Dz • � [� +  1.515) • 2243 
For Stress Concen. Factor 
p • 1 0 1 + (n-1).23 
Df 3 1  Pc for clay • 
• 1 • I + (3-1).23 
OC • Oz X PC • 2243 X .685 • 1536 
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Layer 2 
Layer 3 
Prim. Consolidation Layer 1 ,  St : 
• . 25 log ( 286 + 1536 ) 12 ' • 1 . 25 '  • 15" 1+. 93 286 
-1 �4 "2 • Tan 19 • 1. 23 RAD. o • 3063 1s4 _4n + (1 . 23) (54) 1 &2 "'1i5'4 
8 • D/4 RAD. 
o,2 • 3063 (2.018) • 1965 -n-
log 1918 + 1965 (. 685) I 14' • .64'  • 7 . 7" 918 . 
u3 • tan -1 54 J7 • .97 RAD. Oz3 • 3�63 (� + .97) • 1712 psf 
8 • D/4 RAD. 
St • .126 3 I:'i45 
log 11954 + 1712 (. 685) )  22' • •  31 ' • 3. 7" 1954 
'l'ot&l w/Ground Improvement • 15" + 7. 7" + 3. 7" • ��� 
At Shoulder 
3811 w/o improvement using Cc .ethod 
Empirical formula from Experience 
685 • " • st, • 26• 4" • .695 � c • � 
bued em 23" v/o imp. and e0 .. ef method: 
therefore St • 16" based on l.lc x S estimations 
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•.ulov ... ee for bear • Dra:lnace" - IIAVFAC IIH-7. Pase 7-6-19 
"Where Sand (rock) Drain Delicn 1a baoed DD eonaoUdatloo teata of 
doubtful qualitJ or an •••umpt1oa of equal Yertieal. aDd bori&oa.tal 
coefficient of r:onaolidation, do not correct for 1mear or r..old1D.&. 
Stone Col ..... a Aet:ln& u S1md Dra:lna 
diameter (d) ltone • 3.5' 
D • de/ •• • 2 
I Conaolldation (Vr) Tr (Radial Time Factor) 
20 
50 
70 
90 
.007 
.02 
.04 
.07 
C. • Cb • 0. 2 ft. 2/day from eonaolldatlon teat 
t90 • (. 07) (7.35')2 • 18.9 daya -- 19 daya 
. 2  
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Time-Settlement for Combined Vertical-Radial Drainage 
u • 100% - [ (100% - Dr) (100% - Dvl l c 
for t • S days 
7Radial • (5) (. 2 ) • •  0185 (7. 35)2 
for the top 25 ' 
Dr • 40% 
Tvert • (5) (. 2) • . 0016 ••• Dv :  5% 252 
uc • 1 . oo - w-. 4 ) (1-.05 > 1  • m S day 
t • 10 days 
TRADIAL • (10) ( .2)  • .037 • •  Ur • 70% 7 . 352 
Tvert • (10) (. 2) • . 0032 ••• Uv : .lS 
252 
Uc • 1 - [ (1-. 7) (1-.15) ] : 74% at 10 days 
t • 19 days 
Dr • 90% 
Tvert • (19) (.2) • . 006 
252 
Dv • 20% 
Uc • 1- [ (1-. 2 ) (1•.9) ] • 88% Say Uc : 90% 
VS. No Drainage 
tgo • (.848) (25')2 • 2650 days _ 7 . 3  yoaro 
0 . 2  
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APPENDIX C 
Specia l Not e s  App lying 
to Stone Column Construct ion 
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J. DESCRIPTION 
SPECIAL NOTE FOR STONE COLUMNS 
(EXPERIMENTAL) 
This work shall consist of subsurface soil rei nforcement by stone coluons 
in accordance with these specifications and in reasonably close confonoity with 
the lines, grades, design, and diaensions shown on the plans or •• directed by 
the Engineer. 
Soil reinforce��ent shall be perfomed by constructing CDIIIpltted stone 
coluons within the insitu soil or soils as specified herein. A botto. feed or 
dry di spl acement process wi l l  not be allowed. 
The •tone columns 5hall be installed by a company experienced i n  perfonoing 
this type of work i n  the United States.  Acceptable companies are (1) GKN Keller 
Jnc. , 6820 Benjami n Rood, Tompa, Florida 33614 , Tel ephone (813) 884·3441; or 
(2) Vibroflotation Foundation Company, Montrose Park , Montrose ,  Alabama 36559, 
Telephone (205) 928·1906. The subcontractor instal l ing the stone columns shall 
aeet all the Departaent ' s  requir .. ents for prequali fication before beginning 
work on the project. 
The Contractor shall furnish oll  supervi sion, labor, equiPNnt, aaterials,  
and engineering services necessary to perform a l l  subsurface soil reinforceaent 
work. 
The stationing, l i•its, pattern spacing, and epproxi•ate depths for the 
stone coluon work are shown on the plans. 
JJ. MATERIALS 
A. Working Pl atform. Aggregate for the work platfono shown on the pions 
shall be •ade of free draining processed or natural •aterial , and shall be one 
or .. re of the following: Natural grave l ,  bl asted l imestone , blasted sandstone, 
or any standard size coarse aggregate •eeting the requi rements of Section 805 
except Dense Graded Aggregate, Size No. 610, No. 710, No. 10, or Gravel Base. 
Jn addition, the •aterial shall hove no •ore than 5 percent passing the No. 100 
sieve in accordance with KM 64·602 , and no individual fragment shal l be larger 
than 6 inches i n  any diaension. 
Although any of the l i sted aateri als are acceptabl e ,  the Contractor shall 
be responsible for furnishing aaterial that wi l l  not affect or 1_,ede construe· 
tion of the stone coluons. 
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The vot ... of uterial in the working platfo,. that lies within the l i•its 
of the earth core, as definf!d ehewhere in the contract, shall ••t the above 
----------n,qm..,ents except-the--.ul•'"' oln of lndtvtduol ftogonents ll>alinll;t;ex�c�e;,;e�dr--- ---------
3 Inches , and the .. terlal •hall  not interfere with the driving of piles. 
8. Stono Coluoms. Aggregate U51d in the stonf! col .-ns shal l be crushed 
l f  .. stone •eting the general requi r ... nts of Section 805 of the Depart..nt' s 
1983 Standard Speci fications , and .. y be size No. 2 or No. 3. 
C. Geotext i l e  Fabric. Geotextile fabric placed beneath the working plat­
foi'WI shal l •et the requlre11ent1 of Tabl e  JII  of the Depart..nt's Special 
Provision No. 39A (83), Geotexti le Construction. The fabric shall be instal led 
as specified In Section J I I . E  of Special Provision No. 39A (83), axcept the long 
diunsion shall be placed noreal to the centerline and sewing of a l l  fabric 
joints i• required. 
When geotext i l e  fabric Is required between the working platfono and •lope 
protection, this fabric 5ha11 also .. et the requl reDents of Table I of Special 
Provfsio• No. 39A (83). 
III.  CONSTRUCTION METHODS 
A. Working Platform. The entire area on which the working platfono Is to 
be constructed shall be covered by a separation layer of geotextlle fabri c  
before •aterial for the working pl atform i s  placed. The working platfo,.. sha l l  
then be placed to the l i ne• and grades shown on the plans. 
If the working platfor11 .. terlal the Contractor elects to furnish h 
composed of •aterial having 50 percent or .. re passing the No. 4 sieve, 
geotextile fabric shal l be placed between the working pl atfora and the specified 
s l ope protection. 
8. Stone Columns. Prior to the start of the stone col_.n production work, 
5 test stone columns shall be Insta l l ed at locations dete,..i ned by the Engineer 
for the purpose of e•tabl ishing qua l i ty control procedures. The test cohans 
shall be l ocated so they .. Y be used in the final construction. 
Stone c:olu.ns •ha l l  be instal l ed by jetted vibratory probes capabl e  of 
generating not less than ZO tons of centrifugal force. The •ini•um double 
upl i tude (peak to peak .. a•ure11ent) of the probe tip shall be not less than 
10 .. when the probe i s  in a freely suspended position. These probes shall be 
capable of producing and/or complying with the following: 
(1) 
(2) 
(3) 
(4) 
Produce holes concentric with indicated col.-n locations within 6 
i nches tolerance at the ground surface. 
Create a hole by penetrating working platform and the insitu soi l s  to 
the specified elevation. The probe length shal l be such •• to extend 
fro� working elevation to bottom of col 1111n and have external .. rkings 
at one foot i ncrements to enable .. asur ... nt of penetration and 
to-penetration depth5 . 
Use flow of water sufficient to widen the holes to produce adequate 
spoce around probe for stone p lace•nt. 
Compact the aggregate, which hos been lncreatentally added Into the 
hole and forcing the stone radi ally i nto the surrounding insitu soi l s ,  
by •ans of displace��ent i n  combination with horizontal vibration. 
(Stone incre..nts sha l l  not exceed 2 feet i n  depth.) 
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(5) A aotor drfvfng an eccentric ..... which ohal l be located I n  the lower 
end of the probe , shal l be capable of producing the Nqufred vtbra­
tfonol characteristics. 
Stone columns shal l be Installed so that each COIIPleted column will be 
continuous throughout Its length, and shall be constructed to the bottolll 
elevation shown on the plans. For any group of 50 consecutively Installed stone 
coh•ns, the average effective diueter shall not be less than the effective 
tliUteter shown on the plans, and not .. re than one stone column I n  this group 
shall have an avarage effective tlfueter s .. ner than the specified diueter 
•inus 0. 3 foot. 
In the event that subsurface obstructions art encountered during construc­
tion of a stone column, which cannot be penetrated wfth reasonable effort, the 
stone coh111n shall be constructed fol lowing the specified procedures froe the 
obstruction to the surface of the working platfore. The Engineer .. y direct the 
construction of a replac ... nt stone column at another location. 
Tho Engineer's deteMDination of the quality and adequacy of worbanship 
employed f n  Installation of the stone columns fn the varfouo areas wi l l  Include 
cons ideration of the Contractor ' s  consistent uoe of the same procedures ,  
.. thods , and construction perforance rates as those used I n  I nstal l ing 
Initially acceptable stone columns. 
IV. CONSTRUCTION RECORDS 
The Contractor shall provide competent and qualified personnel to contin­
uously observe and furnish to the Engineer recorded logs of the following data 
to be obtained during the stone column installation: 
(a) Elevation of top and bottom of each stone column. 
(b) Horizontal vibration resistance developed by the probe , by f nstruaent 
reading. A continuous graphical record of the upenge of the probe 
•otor shall be kept for all columns. The date and column Identifica­
tion shall be kept on each record. 
(c) The volume of stone used I n  each column shall be detereined by the 
Contractor and the effective di .. eter calcul ated , assuming the 
I n-place density of the stone to be 95 percent of the laboratory 
compacted density. On the 5 test columns, and one other column each 
working day, the volume and effective diameter shall be deteMDined for 
each I ncrement of column l ength of 3 to 5 feet throughout the column. 
The volumes and dia110ters of a l l  columns shal l be detel'llined and 
furnished to the Engi neer for review as the work Is perfo..ed. 
V. METHOD OF MEASUREMENT 
The · acceptably constructed working phtfol'll wf l l  be .. asured i n  cubic 
yard s ,  and the final quantity wi l l  be the design quantity i ncreased or decreased 
by authorized adjustaento as specified i n  subsection 204 . 11.01 and 204. 11.02 of 
the 1983 Standard Specifications. No additional pay.ont wi l l  be .. de for extra 
.. terial that aay be required due to subsidence during plac ... nt of the working 
platfo...,, 
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----------'ffthee--tiiCCC1CttJP>1t"'oftd-q�quontlty of atone coiUins , Including test col-.s , the 
constructed portion of obstructed coh111ns , and replocet�ent colU�ns, w1 1 1  be 
.,osured fn l i near feet of coluons complete· in·ploce. Meosuro .. nt wf l l  be fro� 
the bottoo of eoch col '""n to the top of the working surfoce. Measuraent wi l l  
be to the neorest 0. 5 foot. 
Geotextlle fabric placed beneath the working plltfono, and between the 
working plotfono and slope protection If requi red, wi l l  be considered Incidental 
to the working plotfono ond wi l l  not be 1easured for seporate poyaent. 
Yl. IASIS OF PAYMENT 
Working plotfo..., wi l l  bt poid for at the controct unit price per cubic 
yord, which sha l l  be ful l  compensation for oll  lobor, equipment, 11terlals, and 
Incidentals necessary to construct the working plotfono. 
Stone col1111ns wi l l  be paid for at the contract unit price per l f neor foot 
which price shall be full COIIIPenution for development of stone coluan holes; 
for furnishing and ploeing oggrogate; for providing records and logs; and for 
providing 1 1 1  lobor, tool s ,  equipment , 11teri o l s ,  and I ncidentals necessory to 
complete the work. 
Payment wi l l  be 11de under: 
Poy Item 
Working Platfono 
Stone Col..,n 
65 
Pay Unit 
Cubic Yard 
Linear Foot 
September 26, 1983 
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CHAI'TER V 
FIELD INSPECTION AND GUILl£ SPECIFICATIONS 
INTRODUCTION 
Insuring proper construction of stone columns in the field is a very 
import3nt but often neglected aspect. Thorough field surveillance by both 
the owner and contractor is essential in the construction of stone columns� 
Further. good communication should be maintained at all times between the 
inspection personnel.  cont:ractor, project engineer and the Uesigner. Thh 
chapter considers just the construction and inspection of vibro-replacem�nt 
stone columns which are the only type used to date within the United States. 
Further, the aspects of construction monitoring are dirt!cted towards the 
use of electrically powered vibrators, which have been the only type unit 
used in the United States to date. 
STONE COLUMN WSPECTION 
Stone column construction in the past has usually been considered by 
owners and designers a somewh.o.t "mysterious" operation, with the inspector 
often having only a general idea of proper construction sequence and 
technique. The general construction of stone columns by the Vibro­
replacement and other techniques is dis�ussed in detail in Ch�pter 1 1 .  ln 
this section, a sum�ry is first given of important stone column 
construction/inspection aspects.  !his summary is followed by a detailed 
guide suitable for use by field pecsonnel for the inspection o! stone 
column construction. 
Summary of Important Construction Aspects 
1. Inspection rerords should be carefully analyzed for d i ffer�nce� in 
t imes from one column to the next to both construct the hole .:Jnd the stont! 
column . Any significant differences �y indicate (1) n chang� in construc­
tion technique, (2) a change in soil properties, or (3) col lupse of th� hole. 
If changes are found, determine iDBud1ately the probable cause. 
2. !IWLi11g eo>u tJwu.iun .i11 ••6 t gwwtd .the p4obe 61wu.td be le&.t .in .the 
hole a.t a.U .t.ii>!C-4 a>1d laJrge. qUJlJJ.t-i.t.ir.6 o6 ..UVI U.6<d .tu help .i1!4ulte I l l  
4t1Jb<..edy u 6  .the hole and ( 2 )  a clean •.tone eol.wnn due T.u .the 4emuvai. u6 
6-inu and Oltga.n.icu. An .:�ver.lg� of approximately 3,000 to 4 , 000 gal . /hr. (U-15 m3/hr) of water Nhoulc.l be used durin�( construe ; i ·)n; rnore wat�r is 
required durlng jc�ttlng nf tlu: hu l l.! ,  w lt h  rhe quo1ntit 1 Pf water decreaa.J.nK 
._ .. � the! co 1 ulAn Cl)llll!S up. 1 
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3. !he initial construction of a atron& baae at the botto• o f  the atone 
column is important to tnsure proper perforaance. Therefore, additional 
p�:r:�etratioa& of the probe are desirable to&ether vith extra care in construc­
tion durin& coapaction of tbe first aeveral increments of atoae column 
backfill. When otone 11 first dumped down the hole a ... of it vill probably 
penetrate into the aoft clay aurrounding the hole Dear the aurface. there­
fore, the diameter of tbe column at the base Will DOt be as larce as calcu­
lations indicate. 
4. The oe�nee o6 unexpected peat laye.u 'hould be blu>ught kD the 
htttLd.i.Ue 4tUII.tion o6 the pii.Djec-t V!,e.intell tur.d the du.isne�t. the preoence 
Df peat layers has been found to cause problems in the performance and con­
atruction of atone columns. As a rule-of-thumb, the thickness of a peat 
layer should be no areater than the diameter of the column. If a peat layer 
ts encountered of thickness areater tban the atone column diameter , two 
probes can be fastened together to construct a larae diameter atone column. 
5. If orzanics aucb as peat are encountered caution ahould be exer­
cised to flush this aaterial out of the hole; extra flushinzs are necessary 
to assure proper removal of the peat. These extra flushinss may enlarge the 
diameter of the hole in the peat and increase the atone take in this area. 
The atone column should be built as rapidly as poasible in peat, ailts and 
a ensitive &oils. 
6. If localized areas of very 8oft aoils are encountered. it say be 
desirable to use a coarse gradation auch as Alternate No. 2 liven in the 
Guide Specifications if rapid construction does DOt aolve the problem • 
.l,;,.. Stone uy "bang up" in the hole before it aets to the bottom. To 
prevent this and to clean out any soil which may bave been knocked loose, 
the probe should be lifted and dropped (stroked) 6 to 10 ft. (2 to 3 m) 
aeveral times after the stone has been added. Note: If the hole collapses 
while the prpbe bas been lifted. the probe will not return to the correct 
_depth. Also���ld not be lifted completely out of the hOie�during 
e troking. 
a. When the power consumed by the vibrator .otor reaches the epeci­
fied value, this primarily aeans that sood contact exiatl between the probe 
and the atone� Reaching the specified power consumption alone is therefore 
Dot a complete ruarantee construction is satisfactory and a hi&h density has 
been achieved; it does not eliminate the need for carefully watching the 
entire construction aequence. Power consumption as defined by ammeter 
readinz is, however, a useful field control that can be continuously .ani­
tared. Also it tends to keep the operator alert and encouraaes bim to do 
a conacientious job. 
9. In constructing s tone columns in aand aettin& the required ampere 
draw on the motor is usually no problem; in aoft clays it can be. The crane 
operator can build up �sleadingly large amp readings by dumping excessive 
quantities of atone into the hole, and then quickly droppina the probe. 
luch a practice ahould DOt be permitted. 
10. In general laraer horsepower vibrators require aore amps either in 
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the unluaJeJ (free standing) position or loaded us they cunstruc.:t a stone 
column. For �xaraple, one 17.5 horscJ•ower vibr-oaor draws J lO om 
unloaded condition. Obviously a Rp�cification requirement o f ,  say, SO amps 
which has been often used in the past hafi no meaning for the very large 
horsepower vibrators now co�ng into use. Therefore, the recomm�ndation is 
given subsequently in the specifiClltions section to use as a minimum the 
free standing amp reading plus at lenst 40 additional amps during construc­tion of the column. Further, a total amp reading of less than SO ahou!d 
probably not be permitted to insure minimum equipment capability. 
11. A& an .impoiLtan.t 4upptemen.t :to .the amme:teJt �ad<ng, eaJLeauUy watch 
.the amoun.t o 6  ltepene:tlut:Uon o 6  :tlte plr.Obe a 6teJt 4.tune Ito.• been added .to .the 
hole. The 6w:t ltepene:t/lD..Uon 4hould ex-tend :tlvwugl1 :t<<> nwty ptaeed 4.tune, 
� lth� pen�on occ�g on 6ucceh��ve �epen�on�. Some engineers 
feel good repeoetration is even more importapt than the ammeter reading. 
Inspection Guidelines for S tone Column Constructio� 
A discussion of critical terms in inspecting stone columns was given in 
the preceding section. The following checklist serves as a general guide 
for inspec�ion personnel to systematically monitor s tone column construction. 
Construction of stone columns requires special equipment and technical 
expertise. Construction of stone columns should only be undertaken by con­
tractors experienced in this type work. 
1 .  VIBRG-REPLACEMENT INSTALLATION EQUIPMENT: 
The following items are to be check�d ur noted: 
1.  Type of vibro-replacement equipment as  specified in contract 
2. Vibrator Characteristics 
a. Diameter of vibzator barrel (in /�) 
b. Diameter of vibrator including stabilizing fins (in /mR) 
c. Length of vibrator and follower tubes (ft /m) 
d. Horsepower 
e .  Amplitude of free vibration (mm) 
f. �requency of vibration ( rpm) 
&· Eccentric moment 
h .  Jets 
(1) Number and location of jets 
(ii) lnsiJc diameter of jets 
J. Water Supply tu YibraLur-
a. Pump L)'jle un..J cnpnt: I Ly 
b-. su,lply lhw typl! :md Jntildc diam�tcr 
c .  C(•m�rH I t·und t t 1 un o f  watur tiupply line (cundit j un tJf hn!!il!S1 
lcnk:o. l'uustrlcllum:. t•tt;. )  
d .  lluoml I l y ul Wollt.'r ust•t..l J•t•r l1uur 
·�· Ol't�rnt lng pn•utiurc• 
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II . CRUSHED STONE: 
The following items are to be periodically checked as provided for 
ia the specifications o_r as considered necessary: 
l .  Contamination o f  the stone a s  i t  comes from the supplier including 
weak aggregate , sand, organics, or other deleterious materials. 
2. Gradation of the stone and other applicable requirements as set 
forth in the specifications. 
3. General contamination of the stone due to the method of stock­
piling and moving it on site. 
III, SAND WORKING PLATFORM: 
The follcwing items are to be periodically checked as provided for 
1n the SJ•ecifications or as considered n�cessary in the field: 
• 
1.  Sand working platform thickness 
2. Gradation of sand 
3. Construction of the platform should be conducted so as to cause 
a minimum amount of disturbance to the underlying soils. For 
example, the working platform should be constructed by pushing 
the sand out onto the soft soil from the completed platform using 
light e�uipment .  
4. If a g'!otextile is r,!quired below the sand blank�t it lhD'Jld meet 
specifications inclu.ding materio,l t:ype (nylun, -p�ly��.tel', poly­
propylene, polyethylene ,  etc. ) .  manufacturing process (woMen, 
nonwoven, heat bonded, needle punched, etc . )  • material weight u.nd 
strength. 
IV. CALIBRATION FOR QUANTITY OF STONE: 
To permit estimating the in-situ diameter of the stone column after 
conatruction ·the following data is required: 
1. Detcrra:Lne the maximum and minimum den�!ty of the atone following 
ASTM H�thod C29 before stone column construction begins . 
2.  Determine the volume o f  the buck�t t o  be used to place the aggr�­
gate in the jetted stone column hole. l'he bucket volume can Lu: 
determined from the manufacturers ' literacure or by filling it 
with a known quantity of water or loose aggregat e .  
V .  STONE COLUMN INSl'ALLATlON : 
The following items should be checked or noted during the instaUutil.ln 
of euch stone column : 
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-------------------------------1�� bcr. and th� date and time installa-
tion begins. 
2 .  Record the time required t o  form the hole. 
3. Record the stone column length and bottom tip elevation. 
4.  Observe after jetting that the hole is properly flushed out before 
the stone is placed. The hole is flushed out by r.t�hing und drop­
ping the vibrator at least 10 ft . (3 m) as provided i n  the speci­
fications. 
5.  Observe that the vibrator is left in the hole during placement 
of the stone. 
6. Observe during stone placement that a good upward fhn1 
(lOOD-4000 gph. or ll-15 m3/hr average) of water is �intained at 
all times to avoid possible colla.,se of the hole: The upward flow 
ia provided by keeping the j ets r-unning on the sides of the 
vibrator. 
7. Observe that after the atone is dumped down the hole the vibrator 
is lifted and dropped (stroked) a short distance (6 to 10 f t ,  �r 
2-3 m) s everal t1mes to insure the stone reaches the bottom Dnd 
does not arch across the hole; the vibrator should not be com­
pletely removed from the hole during strokin&. 
8. Estimate the lift thickness placed being sure it confo� with 
specifications. 
9. Observe that the vibrator goes through the recently placed lift 
of  stone during the first penetr�t ion; addl tionol repenetrations 
should have �:�m.:�ller penetration depths into the lift. 
10. The specified reading on the a�nmeter tihould be developed during 
the construction of each lif t .  A continuous' record of the ammeter 
reading may be made by the contractor. Thit record should be 
periodically checked to be sure the equipro�r, t :uper.ator is �>a tis-
tying the ammeter specification. · ' 
ll. Record the total number of buckets of stone required to construct 
each stone column. Also, keeping a record of the number of bucket� 
placed in selected lengths of column (and hence the quantity of 
stone used per unit length) pezmi ts estimating the approximate 
diameter of the stone column as a function of depth. Determining 
the variation of stone column diameter with depth is desirable 
to obtain an indication of possible problem strata and the physi­
�al mechanics of the construction process. Therefore . for mo:.ot 
jobs the detailed records necessary to define the vari�tion of 
diameter with depth should be kept during installation of at least 
the first few stone columns nnd for selected columns thereafter. 
If problcru .... o:arc anticipated durin£ inst:tllation of tiubsequent 
columns, detailed re�ords of stone consumption tihuuld be kept for 
each stone columu. 
12. Kecord the tolul time requi red to construct each stone colwnn. 
13. Carefully observe e�ch stone column after conl:lt ruction and IIK.'a­
aure the diameter. (Note: licc<Juse of low overburden pressure and 
erosion, the di ameter u t  tlae Hurfn.ce is generally lo1rger than the 
avero:ase d i �m�Lcr . )  
J4. Note nny unusu:d (Jiit!n•nn'-=nun during or :..Ctcr cunlitruction; for 
example, the tiUbliidenct.: ur 11 Ntone column, cxcctosiv�: tin•es 
ruquircd to form the hole ur c.:oalstruct the �>tone column, or the 
prcHencc of undcrguund ohstnac:tions. The occurrence of any of 
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these problems or other unusual events should be immediately called 
to the attention of the proj �ct engineer. 
15. Mote the technique, equipment and adequacy of the method use o 
penetrate any obstructions. 
16. Call the presence of natural gas or unusual odors to the immediate 
attention of the project engineer and the contractor. 
17. Record general cotmDents concerning thP adequacy of the overall 
construction process including flushing the hole, keeping the 
probe in the hole during stone placement and maintaining upward 
flow of water , repenetrating the s tone and achieving the specified 
ammeter reading. Any continuing problems should be brought to the 
attention of the proj ect engineer and the designer. 
VI .  ENVIRONMENTAL CONSIDERATIONS 
Periodically inspect the site to insure the plans and specifications 
are being met with regard Lo all environmental requirements and 
restrictions including any siltation ponds,  straw or fabric ailt 
barriers, and gener.al disposal of the e ffluent from the construction 
proj ect. lflllllediately inform the proj ect engineer of any problt:mtl 
with meeting environmental site requirements. 
VII. GENERAL RECORDS 
The inspector should keep up to date the following records: 
1. A table summarizing the proj ect status including: atone column 
number, date of construction. atone col� length, �v�;a�e dia­
meter, diameter at the surface, total quantity of stone used, 
total construction time, tim� to j e t . hole, and tim¥ to pl�c� 
and density stone column. 
2. A plan of the stone columns showing as a minimum the location 
and number of each stone column , date completed, total quantity 
of stone used and total construction tim�. Each complet�d Gtont'l 
column should be colored in red on the drawing. 
3. Maintain a record on a w�ekly basis indic<lting the genl!ral 
adequacy of the environmental controls and construction prugru»s 
of the proj ect. Also, periodically take photographs for a per­
aw.nent record or  the site Rhowin� the condition of tht:! site with 
re.sp�ct to cnvi rona·ental considerations, equipment ,  and Any 
special feature� . 
STONE COLUMN SPECI FlCATIONS 
A review was made o f  a number of Npecificatiuns u�ed on past project� 
for the construction of Ntone column�:> (106 ) .  Specifications of tid� typll:! 
can be written to follow ei ther of the following two t:Y.tnmes or cen bt: 
aomewhere in between : 
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1. Detailed apecifications completely defining each atep of the 
construction proceas auch as the Alaska Specification& or the 
Xavala Specifications (106] . 
2 .  End result apecifications which require the Specialty contractor 
to improve the site to, for example, aupport a certain design 
bearinz pressure or not exceed a apecified aettlement; the 
Vancouver Specifications [106] are an ezample of this eztreme. 
Unless trial stone columns have been constructed beforehand, &iving 
too much detail in the specifications ia probably DDt the best approach 
in aost instances. Under these conditions the Specialty contractor abould 
have aome latitude in the equipment used, and details of the construction 
operation. On the other hand, for around improvement projects utilizing 
atone columns designed by the owner or his representative, specifying an end 
result, considering the aany uncertainties associated with atone column con­
atruction, would not be appropriate either. The specifications given are 
intended as a general guide for atone column projects where end result 
apecifications are Dot used. These specifications indicate generally 
accepted construction practices. The gu.id£ 4peu6i-oo.Wn4 4hou.ld be IIOdi.­
&<ed 46 necU4aJty tiJ mee.t .the 4peci.4t !ttJiu.ilr.emen.tt. o6 ea.c.h pJtOjee.t 4nd .the 
ph.Uo•ophy o 6  .the du.i.gne.Jt. Only qualified Specialist contractors ahould be 
aelected to perform atone column work. 
A .  GENERAL 
GU1VE SPEC1FlCAT10US FOR STOUE COLUIWS 
Ground improvement shall be performed by constructing stone columns 
formed by deep vibratory compaction using imported crushed stone (or gravel) . 
The principal items of work included in these specifications are 1 :  
1. Construction of atone columns, complete in-place including layout. 
2. Furnishing crushed atone (or gravel) as required for the atone 
columns. 
3. Furnishing equipment. electrical power, water and any other Deces­
aary items for stone column installation. 
4.  Control and disposal o f  surface water resulting from atone column 
construction operations. 
S. Construction of sand (or atone) working platform and necessary 
access to aite (this aay be included under another contract) . 
6. Construction and removal of silt •ettling ponds or aimilar 
facilities as required, and the regrading of the site as required. 
7. Stockpiling and disposal of silt from the site if necessary. 
8. Load testing of atone columns aa specified. 
The installation Df all atone columns under the contract shall be the 
responsibility of one Specialist contractor. No part of the contract say 
lsite clearing and arading are not included. 
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aub-let without prior approval of the Engineerl. The Specialist eontractor 
•hall furuiah all aupervision, labor, equipment ,  aateriall and related 
engineering aervices necessary to perform all aubaurface arourad :laprovuaent 
vork. 
The Specialist contractor shall atate in his bid the type and number of 
vibroflota and his general aethod of operation including construction 
acheclule. 
B. llEQUIREI!ENTS OF llEGUl.ATORY AGENCIES 
Prevention of Nuisance. The Specialist contractor shall comply with 
all laws, ordinances, and other regulatory requirements governing the work 
including those pertaining to the prevention of nuisance to the public and 
adjoining property owners by noise, impact, vibration, dust, dirt, water, 
and other causes. The contractor shall i111Dediately discontinue any con­
atruction or transportation method that creates any auch nuisance , and per­
form the work by auitable lawful methods at no extra cost to the owcer. 
Disposal of Water. The Specialist contractor ahall (1) meet all appli­
cable laws and regulations concerning surface runoff, siltation, pollution 
and general disposal of the effuent from the construction of the stone 
columns and general site work. (2) Construct and relocate temporary ditches, 
avales, banks, dams, and similar facilities as necessary to control the flow 
of surface water during the work. Remove them when no longer required, and 
regrade the affected areas for acceptable drainage as apecified for site 
arading. (3) Construct silt aettling ponds as required in locations indi­
cated or approved. Ensure that earth banks and water control devices are 
safely designed and prevent inadvertent discharge into watercourses off the 
aite. Stockpile and dispose of all silt as approved by the Engineer. (4) 
Remove aettling ponds and other structures when no longer required and 
regrade the areas for acceptable drainage as apecified for site grading. 
C. MATERIALS 
The Specialist contractor shall notify the Engineer in writing of 
propOsed sources for rock and aand at least 14 days before importation 
operations begin. This material will be sampled at the source and tested 
by the Owner/Engineer to determine compliance with the requirements speci­
fied. The rock and sand shall be brought to the site only after receiving 
written authorization from the Owner. 
Stone. The crushed atone (gravel) for column backfill ahall be clean, 
hard, unweathered atone free from organics, trash, or other deleterious 
aatertals .  When aubjected to the magnesium aulfate aoundness test (ASTM 
C88) , the percent weight loss ahall be not acre than 15 percent. When 
tested according to ASTM Cl31 the crushed atone (gravel) shall have .aximum 
loaa of 45 percent at 5000 revolutions. The sradation ahall eonform to 
1The Engineer is used throughout the apecifications to 1Ddicate the desig­
nated representative of the owner. 
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the followin& for the vibro-replaceuent proceaa l :  
Sieve 
Size 
(ins . )  
4 
3 . 5  
3.0 
2 . 5  
2 . 0  
1 . 5  
1 . 0  
0 . 75 
0 . 50 
Alternate No. 1 Alternate No. 2 Alternate No. 3 
Percent Passing Percent Passing Percent Passing 
100 
9()-100 
9()-100 
25-100 
4()-90 100 
()-60 
2 
()-10 ()-10 
0-5 ()-5 
Alternate No. 4 
Percent Passing 
100 
65-100 
20-100 
1()-55 
()-5 
The Owner shall furnish laboratory test results obtained by him or his 
designated representative for the following tests: 
(a) Gradation in accordance with AASHTO T-27. 
(b) Specific Gravity in accordance with ASnl Cl27 
(c) Density of loose stone in accordance with ASTM C29. 
(d) Density of compacted stone in accordance with ASnl C29. 
A new aeries of tests may be performed for each 2000 tons , or as required by 
the Engineer, of stone or sand furnished from each source. 
Sand. The sand used for the working platform shall be hard, natural 
or �nufactured sand free from organics, trash or other deleterious materials. 
The sand shall be well-graded, contain less than 15 percent passing the 
Number 200 sieve, and have a mean diameter of at least 0 . 2  mm. 
Approval of Stone and Sand. Both the crushed atone (gravel) and sand 
source shall be approved in writing by the Engineer before it is imported 
to the site. 
Water. Fresh , brackish, or sea water or any combination, free of all 
aubstances deleterious to the work may be used. 
lin general, Alternate No .• 1 or No. 2 gradation is recommended. For very 
aoft organic zones, Alternate No. 2 and rapid construction should be triedi 
if this does not work use Alternate No. 3. Alternate No. 2 or No. 4 can 
be used if a large topsize aggregate is not available. A apecific grada­
tion ahould be aelected by the Owner and WTitten into the specifications 
based on site conditions and available stone gradations. 
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At the beginning of the project 1 , test atone columas ahall be installed 
at locationS desianated by the Engineer, for the purpoae of eatabliabing 
•ualitY control procedures. 
Vibrator . Stone columns ahall be installed by jettina, uain& vibratory 
probes 14 to 19 in. (36G-480 .. ) ln diameter (not including the fins).  The 
wibratcr shall have an eccentric aaas located in the lower part of the probe 
which ahall be capable of developin& the required Yibration characteriatics 
at a frequency of 1600 to 3000 rpm. The vibrator ahall be driven by a .ator 
bavin& at least a 60 hp2 ratiDg that ia e&pable of develcpin& a aini1INID een­
trifugal force. in atartin&, of 15 tens IJr�tin& about a vertical axia. 
The minimum double amplitude (peak to peak .easurement) of the probe tip 
ahall be not less than ten (10) .a in the horizontal direction when the probe 
is in a free suspended position. Note: These rather aeneral requirements 
on the vibrator are aatisfied by .aat �vailable probes; field teats are 
needed to define the best vibrator for atone column conatruction. 
Installation. The construction technique and probe ahall be capable 
of producing and/or complying vlth the folloving: 
1.  Produce approximately circular holes. 
2 .  The probe and follower tubes ahall be o f  aufficient lenath to 
reach the elevations ahown on the plans. The probe , used in eom­
bination with the flow rate and available preaeure to the tip jet, 
ahall be capable of penetratin& to the required tip elevation. 
Preboring of stiff lenses, layers or atrata ia permitted. 
3. The probe ahall have visible external .. rkings at one (l) foot 
increments to enable 'lleasurement of penetration and repenetra­
tion depths . 
4. Provide fer aupplying to the tip of the probe a sufficient quantity 
of vashwater to widen the probe hole to a diameter at least 12 in. 
(305 .m) areater than the probe to allow adequate apace for atone 
backfill placement around the probe. The flow of vater from the 
bott� jet ahall be maintaiDed at all times durin& backf1llin& to 
prevent_ . c.aving or collapse of the hole and to form a clean atone 
co!.-. An average flow of 3000 to 4000 IPh (ll-15 113/hr) of 
vater ahall be maintained throughout construction. the flow rate 
vill aenerally be areater as the hole is jetted in, and deerease 
as the atone column comes up. 
1lefer to Chapter VII for a diacuasion of load teltiug . 
2several competent contractors believe that for atone eclumn construction in 
vaak acila the horaepower, eentrifuaal force, and vibration amplitude are 
leu ialportant than in the densification of aand. They feel acre relaxed 
�ecificationa can therefore be used fer atone column construction than for 
aand densification. 
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5 .  After foraing the bole, the vibrator •hall be lifted up a siniaum 
of 10 ft. (3 s). dropped at least twice to flush the bole out. The 
probe aball not, however, be completely re.oved from the bole. 
6. Jor. tbe column by adding stone to fill the bole in 24 to 48 in. 
(0.61-1.22 a) lifts. Compact the atone aggregate in each lift 
by repenetrating it at least twice vith the horizontally vibrating 
probe so as to density and force the atone radially into the Bur­
rounding in-situ aoil. The atone in each increment shall be 
repenetrated a sufficient number of times to develop a adnimum 
ammeter reading on the motor of at least 40 amps more than the 
free-standing (unloaded) ampere draw on the aotor l , but no less 
than 80 amps total . 
7. Stone columns shall be installed ao that each completed column 
will be continuous throughout its length. 
During construction, if the stone columns are consistently over or under 
the average effective diameter2 of feet, as defined in Section I, and the 
workmanship and material have been c;onsistent with those used in previously 
acceptable work, this may indicate that the soil conditions have changed 
from those encountered during the earlier work. The Contractor shall cease 
operations in the immediate area of work and notify the Engineer . The 
Engineer will .ake a determination of whether it is necessary and the extent 
to which it is necessary, to adjust the pattern and spacing. 
Erosion of Working Platform. If erosion of upper granular working plat­
form material occurs. the depr�ssions shall be backfilled with sand which 
aeets the apecification for the working platform. Such backfilling shall be 
at the Contractor ' s  expense. 
The working surface shall be cleaned at the completion of the stone 
column construction of all unsuitable materials washed up from the stone 
column holes. Such unsuitable saterials include clay or silt lumps . wood 
fragments or other organic matter. If, in the opinion of the Engineer, 
these materials create "soft spots" or zones of compressibility or weakness 
in connection with the placement of overlying embankment materials, these 
unsuitable materials shall be disposed of in a manner approved by the 
Engineer . 
Workmanship. The Engineer' s  determination of the quality and adequacy 
of workmanship employed in installation of the stone columns in the various 
areas will include consideration of the Contractor ' s  consistent use of the 
same procedures, methods, and construction performance rates as those used 
in installing initially acceptable stone columns. 
laefer to the aection on Stone Column Inspection in this chapter for a dis­
cussion of the limitations of using ampere reading to control construction. 
2The diameter of the constructed atone column varies with many factors 
including construction equipment,  technique and also the site conditions; 
refer to Chapter VII. 
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E.  TOLERANCES 
Location. No vibration center or atone column ahall be .are than 4 in. 
(100 -.) (10 in. or 250 .w for embankment atabilization vork) off its cor­
rect center location at the vorking platform level as ahown on the approved 
plans1 except •• a�ecified in Section f. The axis of the atone columD shall 
DOt be inclined from the vertical by .ore than 2 in. 1n 10 ft. (SO .m in 3 m) 
aa indicated by the tilt of vibrator and follower �be&. 
For any aroup of SO consecutively installed atone columns . the average 
di.meter over its length shall not be less than feet , and not more than 
one atone column in this &roup shall have an average effective diameter over 
itl length of less than 90 percent of the averaae diameter for th: sroup. 
If the columns do not Deet the above requirements then the installation 
operation must be adjusted to produ�e the apecified diameters or, if 
approved by the Engineer, the stone column •pacing decreaaed at the 
Specialists contractor ' s  expense to give the same percentage of area improved 
with atone columns. 
During construction, if the stone columns are consistently over or 
under an average effective diameter of ___ feet and the workmanship and 
material have been consistent vith those used in previously acceptable work, 
the Eugineer may direct to change the operation as the aoil conditions may 
have changed.  
The average effective stone column diameter shall be calculated using 
the inplace density of the stone and the weight of atone used to fill the 
bole. For calculation of constructed column diameter, the inplace density 
ahall be assumed to be equal to 80 percent of the relative density deter­
mined by usin! the loose and compacted densities of the atone as apecified in Section C .  The weight of  stone required to construct the atone column 
ahall be based on the equivalent number of full buckets dumped down the hole 
and the loose atone density determined in Section C .  
F. OBSTRUCTIONS 
A 15 in. (380 mm) maximum horizontal deviation from indicated column 
location will be allowed without prior authorization from the Engineer when 
an obstruction is encountered; the presence of any obstruction shall be 
reported to the Engineer and described in the records. When a deviation 
areater than 15 in. (380 mm) is caused by an obstruction. the contractor 
&hall atop work • .eve to another compaction point and imaediately notify the 
Engineer. The Engineer may at his option authorize one or aeveral of the 
following: (1) position the compaction point a abort distance away from 
the original position, (2) additional compaction points to bridge the 
obstruction. (3) remove "the obstruction. replace removed soils, and again 
jet the column hole in the indicated location or (4) perform other removal 
or relocation operations. The owner will pay the Contractor for authorized 
1A better approach would be to use the measured inplace density of the atone 
column. At the present time data is not available on the variation of 
deosity With depth within the stone column. 
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Work to remove obstruction& or for performing directed relocation opera­
tions, except shifting the compaction point, baaed on accepted eontract 
unit prices. 
G. CONSTRUCTION RECORDS 
The cootr&ctor ahall provide competent and qualified personnel to 
continuously obaerve and furnish to the Engineer recorded logs of the fol­
lowing data to be obtained duriua column installation: 
1 .  Stooe coli.:mm refere»ce nUIIIber .  
2.  Elevation of top and bottom o f  each atone column. 
3. Number of buckets of atone backfill iD each atone column. 
4 .  Vibrator power consumption durin& penetration o f  vibrator, and 
vibrator power consumption during compaction of atone column. The 
date and column identification shall be written on each record . 
Note: A continuous graphical record is desirable of the amperage 
draw of the vibroflot motor during the construction of each stone 
column. Such records should be maintained where more than one 
vibrator is to be used with a lingle inspector, or where one vibra­
tor is used without full-time iuspection. 
S. Time to penetrate and time to form each atone column. 
6. Details of obstructions, delays and any unusual around conditions. 
The Owner shall furnish a full-time inspector to observe stone colu:nn con­
struction. 
The recorded logs of the above information aianed by the Specialist 
contractor ' s  representative and the Owner'• inspector shall be submitted to 
the Engineer each week, 
The stationing, top elevation, limits, pattern, apacing and approximate 
depths for the stone column vork are shown on the plans. The Contractor 
ahall prepare construction drawings showing specific atone column locations, 
identification number, and estimated depth of compaction points. These 
drawings are to be submitted to the Engineer fot appraval 1D accordance with 
contract requiremeuts. During progress of work thes e drawings are to be 
annotated to ahow the compaction points completed each day. 
At the end of the around treatment work, a report ahall be prepared by 
the Specialist contractor and aubmitted to the Owner tiving details of the 
plant and .etbods used, production rates, and the performance of the site 
during treatment, tosether with all load test results and calculations based 
on the data obtained during the atone column conltruction. 
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B. METHOD OF MEAS11RD!ENT 
the accepted quantity of stone columns, including test columns, will 
be seasured in total line•T feet of all column� eo.plete inplace. Measure­
.ant will be from the bot tom of each column to the elevation aiven on the 
dr.wings . Measurement of each column will be �o the nearest one foot (300 
-> · 
I .  BASIS OF PAYMENT 
The contractor will be paid a lump aum amount for set-up and removal 
cost for mobilization of facilities and equipment for stone column produc­
tion. In addition, atone columns will be paid for at the contract unit 
price per linear foot. A unit price should be &iven for each possible atone 
column spacing. The above payments shall constitute full compensation for 
development of stone column boles; for furnishins and placina aggregatti for 
providing records. logs, and re�orts; and for providing all labor, aupervi­
aion, tools, equipaent ,  .. terials and incidentals necessary to complete the 
work. LoAd tests shall be conducted on a lump aum basis for each test as 
apecified by the engineer. Note: The sand blanket working platform 
material and placement is no�lly a aeparate pay item. 
SHORT-TERM LOAD TESTS 
Load tests will not be required on all atone column projects. A guide 
apecification is given in this section describing a vertical, abort-term 
(undrained) load test. Where settlement is of primary concern ,  a long-term 
(drained) vertical load test is required. Both vertical and direct shear 
load tests are discussed in Chapter VII . 
The contractor shall furnish all required concrete slabs, weights, 
equipment ,  sages, and instrumentation for the tests. The test •ethod shall 
be in accordance vith the following: 
l .  Definition 
A preli�nary stone column ahall be a atone column installed prior 
to the construction of the working stone columns to establish that the 
system the Specialist contractor proposes to use and the proposed 
centers of the atone columns satisfy the requirements of the specifi­
cations. A non-working stone column shall be a aton� col� installed 
during the period of the installation of the working atone columns to 
veTify �he predicted capacity of a vorking atone eolumc. The pre­
l�nary and non-working atone columns ahall be of the same dimensions 
and materials, and constructed with the same plant and in the lame 
unner as the workins atone columns. The dimensions and lengths of 
individual preliminary a tone columns and non-working atone columns shall 
be as approved by the Ensineer. Preliminary and non-working atone 
columns ahall be paid for as apecified in the �ontract . 
lote: Depending upon the proj ect, load tests say be performed upon 
the working stone columns. 
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2. Test Prosram 
The specifi�d contract rates shall include supplying all necessary 
labor, materials, 'lant, and equipment necessary (1) to construct the 
stone colucns, (2) to apply the test load, and (3) to •easure the 
de!leet1on under lo•d, •11 in the prescribed manner. Details for con­
ducting the tests as described in the ape.c.ifications shall be submit­
ted for approval by the Engineer before installation of the test ltone 
columns. 
3. Equipment 
a. CapacitY of Load rest Equipment. The test equipment shall be 
capable of safe application of three ttmes the calculated vorking 
load for preli:dnary tests on non-working individual atone columns, 
and one and a half times the calculated working load in the case of 
individual stone columns required for the work. 
b. Reactions for Load Tests 
(1) Deadweight. If deadweight is used to provide the reaction 
for the hydraulic jack, it shall be supported on a suitable 
platform to allow safe access to the loading and measuring 
equipment at all times. The nearest edge of the platform 
supports shall be at least 10 ft.  (3 m) from the periphery 
of the stone column. 
{2) Resction Piles. If tension piles are used to provide the 
reaction for the hydraulic jack, these piles shall not be 
closer to the stone column than 10 ft . (3 m) . Under­
reamed tension piles �ill not be permitted. 
c. Load Measurement .  The test load shall be applied vertical and 
concentric to the stone column by means of a hydraulic jack with a 
pump of capacity meeting test requirement s .  The applied load 
shall be measured by an approved load cell or proving ring cali­
brated in divisions not exceeding 2 percent of the maximum load to 
be applied. A certificate of calibration for the load cell or 
proving ring, obtained within one month prior to the test, shall 
be provided. 
d. Deflection Measurement .  Observations of vertical deflection 
of the head of the stone column shall be made with • minimum number 
of three dial gages having a 2 in. (50 mm) travel and graduated 
in 0. 001 in. (0.025 mm) divisions . The tips of the stems of the 
dial sages shall rest on machined metal or glass securely bedded 
on the head of the concrete load footing. 
Metal blocks l in. (25 mm) thick ±0. 001 in. (±0.025 mm) with sur­
face ground, parallel surfaces shall be provided to obtain con­
tinuity in extending the range of the gages. Two of the dial gages 
shall be positioned diametrically opposite each other, at equal 
distances from the center of the stone column; the third shall be 
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at riaht angles to the other two near the edge of the footing. 
The readings ahall be refeteneed to rwo rigid ateel beams the 
ends of which ahall be fiaed to reliable ateel support&. The 
supports shall penetrate not less than 10 ft. (3 m) below the 
around surface, and ahall be located not closer than 10 ft. 
(3 a) from the center of the test atone columo, away from the 
influence of the re&ction aystem. 
The elevation of the ateel aupport& of the reference beams 
and the deflection of the s tone column shall be verified with 
a precise aurveyor's level with reference to a permanent 
benchmark. The leveling instrument and level rod shall be 
capable of providing direct readinss to an accuracy of 0. 001 
ft. (0. 30 ... , • 
e .  Protecrion of Measuring Esuipment. The �•suring equip­
sent shall be protected throughout the period of the test 
against adverse effects of rain, aun, frost, �bration, and 
other disturbances that may affect its reliability. Tempera­
ture readings shall be taken at maximum intervals of one hour 
throughout the test period. 
4. Application of Load 
The 1 load tests shall be located as shown on the plans. 
A rigid, reinforced concrete foundation(&) shall be placed over the 
atone column (s) having the shape(s) . dimensions , and location desig­
nated on the plans . 
a. First Load Appli cation - Working Stone Column (Maintained 
Load Test) . The test load shall be applied to the stone 
column in increments equivalent to 20 percent of the calculated 
working load until the working load is attained. Each load incre­
.ent shall be maintained for 15 minutes before the next increment 
is added. The calculated working load ahall be maintained for a 
�nimum of 12 hours thereafter and/or until the rate of settlement 
does not exceed 0. 002 in. (0.05 mm) per hour. 
Unloading shall then take place in five equal decrements with 
each intermediate load being maintained for a adnimum period of 
fifteen ainutes. 
Zero load, at the end of the cycle of unloading, shall be �in­
tained for a minimum of four hours and/or until the rate of 
recovery does not exceed 0. 002 in. (0.15 mm) per hour. 
The elevation of the rigid steel beam supports ahall be verified 
by p·recise surveyor's level with reference to the permanent 
bench-mark before the commencement of tbe load test and at &ere ---
1The number and type (preliminary, non-working or working stone column) of 
load tests shall be siven in the specifications . 
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load at the termination of the teat. 
b. Second Load Application - Working Stone Column (Maintained 
Load Test).  In the aecond load cycle the aame load increments 
as before &hall be applied to a .. ximum load equivalent to 1.5 
times the calculated working load. Each load increment &hall be 
maintained for 15 minuteR before adding the next increment. The 
.aximum load aha11 be .aintained for a �nimum of 12 hours there­
after and/or until the rate of settlement does not exceed 0. 002 
:In. (0. 05 ..,) per bour. 
Unloading shall then take place tn atx approximately equal decre­
�nts with each intermediate unloading decrement being maintained 
for a adnimum period of fifteen minutes. Zero load, at the end 
of the cycle of unloading, shall be -.Jntained for a �nimum of 
four hours, and/or until the rate of recovery does not ezceed 
0. 002 :ln. (0.05 mm) per hour. 
The elevation of the rigid steel beam supports ahall be verified 
by precise aurveyor' s  level with reference to the permanent bench­
mark before the commencement of the load test and at zero load at 
the termdnation of the test. 
c .  Non-Workins Stone Column and Preliminary Test Stone Columns. 
On completion of the maintained load test (first load application) 
on • non-working or a preliminary stone column. each load incre­
sent shall be maintained for 15 minutes before the ne� increment 
is added. The same load increment as in (a) above shall be used. 
Stone column aettlement shall be �sured at each increment , with 
the test being continued until failure or the specified load is 
attained. 
Unloading shall be in at least five approximately equal decrements. 
Each unloading decrement shall be maintained for a Bdnimum of fif­
teen sinutes .  The elevation of the rigid beam supports shall be 
verified before the commencement of the load test and at zero 
load at the termination of the test. 
S. Notification. Supervision. Reports 
The period between the construction of a atone column and the 
commencement of the application of the test loads ahall be at least 24 
hours . The contractor shall aive at least 48 hours notice of the 
commencement of each load test to the Engineer. 
The Contractor ahall keep the teat under continuous and competent 
auperviaion to the sa.tisfaction of the Engineer. All necessary facili­
ties ahall be. proVided to enable the Engineer to verify readings during 
the progress of the test. The Contractor ahall send to the Engineer 
within one week of the completion of each test four copies of all 
records and results in graph! cal form. This information shall include 
a load deflection curve plotted to scales ao as to approximately fill 
a standard size page . 
SUHHAllY 
The construction phase of &round illprovement work uain& atone columns 
S.a even 110re ilD'pOTtant 'th•n for conventional foundations . tberefcre a compe­
tent contractor is necessary who is )614 a fair price for his work. Also, 
full-time inspection by a qualif1ed enaineer. aeoloaist or aenior technician 
1• very important. Finally aood communi cation ahould be .aintained between 
the inspector, project engineer, desigcer, and contractor. Periodically the 
designer should inspect the project whether problems have been encountered 
or uot. 
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APPENDIX E 
F i e l d  Ins pection Record o f  
Stone Co l umn Co nstruction 
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IRS 5138 (22) 
stoDe Coluams 
- .... . eow.. 
-
!be vork platform vas constructed tram 157 atone placed on tilter 
tabric aeeting the requirements of !!'able III. During construction of 
'tbe columns, a large Yolume of this aggregate vas vasbed ott of the 
fabric by the atream of' vater produced during the probing process. 
�is made areas or the platform unstable and hard to work tram. 1n the 
areas vbere the vork platform exceeded 2 l/2 - 3 teet in depth, a con­
aiderable amount of 157 atone tell into the hole vhen the probe pene­
trated the tabrie. !bio created a problem in probing &Dd tlushing the 
holes, and &leo introduced ICIDie error in our ealeulatiou tor the t!ia­
aetera of the columns , 11nee the bottom portion of the columns vere 
being construoted of 157 atone instead of 12 atone. I would atrongly 
reecommend constructing the vork platform tram t.he aame aaterial aa the 
columns • 
lfhere vere aeve:ral occasions during both the pJ"Obing and compaeting 
operations vben t.he "Vibro-Probe" had to be completely removed � the 
hole. This had to be done :1m 1ome cues to allow the holes to be 
thoroughly nushed. to allov the �ock vhic:h the columns vere being con­
atruoted of to fall to the bot1.om of 1.he hole and to UIJVind the vater 
hoses vhioh vould tangle around the probe during the probing and ccm­
paetin& process. The aanual prepared as a guide for the 1tone column 
process recommends that the probe not be completely removed tram the 
bole. I feel, hoveTer, that if the contractor is required to aake the 
probe penetrate the column to within one toot of the last compacted rock 
level, that removal or the probe 1"n::c the hole vill cause DO problems .  
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Go.llatin County 
JIRS 5138 (22) 
Stone Columns, continued 
Page 2 
Durins const'I"UCtion or the atone t>Olumns, a layu of' el� approx:t.&tel.J 
15 1'eet thick vas eneCt\llltered vblch bad a &hear atrength .rueb higher than t.bat 
bdicated on the plans . Since existing COD!tlt:IOD& prior to eODatructiOJ) of t.he 
work platform ..Ue it dH"f'icult or taposaible t.o nm a auf'tieient 'D\Jal."oeT of 
Yane ahear tea't.a to ac:eura't.el.y determine the abear lltJ"engtb of tbe u4er]7iD& 
aaterial, and aome consolidation of the underlying aaterial results tra cona­
'truetion of' the vork platform, it aa;y be beDeficial tor all concerDed parties 
if the contract vas aet up to require additional Tane abear testa after con­
atructing the platform and prior to atarting con�truction of tbe atone col� . 
Attachments 
c . c . : C. L. Meyers 
F.B.W.A.-Dui!ley BrCND 
Ed Munson 
Bob Meade-Research 
Pile 
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IRS 5138 (1!2) STOllE COWMIIS • .benge Di.,.eter fr:1r 50 Conoeeuthe Col-
AVERA!lE • CO Willi DIAMETER AVERAGE • COLUMli DIAMETER DIAMETER 
DIAMETER 
Dll�U- : 3. ""e99sJ 
A-37 5.67 D-33 • •  67 •• 63 
A-36 • •  69 P-31 • •  67 •• 61 
11-110 •• 811 P-30 lo.ll! lo . 6o  
11-39 • •  811 11-32 lo.ll! lo . 5B 
c-111 •• 811 D-32 • •  12 •• 57 
c-lio • •  811 11-31 ··� •• 56 
D-110 •• 99 D-31 • •  12 • •  55 
D-39 lo.ll! 1:-32 3.86 • •  52 
11-38 4 . 811 1:-31 lo.ll! •• 52 
1:-39 •• 38 11-31 • •  811 •• 52 
11-37 • •  58 11-30 3.95 L . 52 
c-38 •• 38 A-31 1.,50 •• 52 
D-38 5 . 58 A-30 • •  50 • •  52 
A-35 •• 86 C-30 3 . 86 lo .loB 
11-36 • •  58 11-29 • •  311 ••• 7 
:E-41 11.82 A-29 lo.u • •  116 
B-110 11 . 82 1:-29 •• 62 ••• 6 B-39 5.111 11-28 11. 311 •• 115 :r-llo lo.67 A-28 • •  50 ••• 4 
:r-39 5.14 :r-29 • •  12 •• 43 :r-38 5.28 B-30 lo .03 ••• 0 
:E-38 lo . 82 G-22 3.53 11.37 
D-37 • •  99 G-21 3.53 •• 34 
1'-37 • •  99 D-30 3.73 • •  32 
1:-37 lo.12 1>-29 3.53 L.29 
B-37 • •  67 A-27 lo.ll •• 29 
D-36 4.49 11-27 3.95 •• 27 
1:-36 •• 12 1:-28 11.12 •• 27 
11-35 •• 50 1:-27 • •  38 • •  27 
A-311 lo . 86 A-26 • •  86 • •  28 
11-34 3.96 11-26 3.62 • •  25 
r-36 lo . 67 A-25 lo.ll •• 26 
B-36 11.12 A-24 •• 50 •• 25 r-35 4 . 32  11-25 3.62 11.24 
D-35 •• 82 11-24 3.62 •• 23 
1:-35 4 . 38 c-26 4 . 38 • •  22 B-35 4 . 67 1:-25 3.86 •• 21 
r-311 4.67 A-23 lo.ll •• 20 c-311 •• 38 A-22 • •  11 •• 19 11-33 3.61 A-21 3.90 4.18 
A-33 lo.10 11-23 3.95 lo.18 
A-32 ··27 11-22 4 . 311 11.19 11-32 ··27 11-21 3.62 L.18 
1:-33 • •  1? 1:-24 4.12 •• 17 
D-311 11.67 1:-23 •• 12 •• 17 
11-311 4.lo8 1:-22 3.86 •• 16 
r-33 •• 32 A-20 • •  21 •• 15 r-32 1&.67 11-20 •• 27 • •  15 &-33 • •  82 C-21 3 . 86  • •  1 • 
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IRS 5138 (22) S'l'OI! COLU!IIIS • Averace Diameter for 50 Coaaeeutive 
Col-
COWMII DIAMETER AVERAGE COLV!IIi DIAM!T!R AVD!ACE DIAMETER 0 DIAMETER • 
A-19 3.67 � .12 B-18 3.62 3.91 
1-19 3.95 lo . lO G-18 3.95 3.90 
B-18 3.95 4.09 P-17 3.95 3.90 
ll-19 3 . 56 4.07 111-19 3.95 3.91 
ll-20 3.56 lo.o6 111-18 3.62 3.90 
111-29 3.95 4.05 'D-18 3.95 3.90 
'D-28 3.95 lo.05 D-17 3.62 3.90 
r-28 3.73 lo.o4 111-17 3.62 3.90 
A-lB 3.67 •• 03 D-16 3.95 3.90 
A-17 3.67 lo.02 G-17 3.95 3.90 
B-17 3.61 lo.Ol G-16 3.95 3.91 
c-18 4.12 4.00 r-16 3.95 3.91 
B-16 3.61 3.99 B-16 3.95 3.92 
A-16 lo.ll 3.98 D-15 3.62 3.92 
C-17 3.58 3.97 r-15 3.62 3.91 
B-28 3.73 3.96 111-15 3.62 3.91 
r-21 3.95 3.95 C-16 3.23 3.89 
D-27 lo.27 3.96 C-15 3.95 3.89 
111-27 • •  27 3.95 1-15 3.61 3.89 
r-26 lo . 27 3.95 A-15 3.67 3.8;1 
D-26 • •  27 3.95 G-15 3.62 3.87 
G-26 4 . 27  3.95 B-14 3.61 3.86 
J:-26 3.95 3.95 D-14 3.95 3.85 
r-25 3.95 3.95 A-14 3.67 3.84 
D-25 3.95 3.96 ll-14 3.95 3.84 
J:-25 3.95 3.97 1-13 3.96 3.84 
G-25 3.95 3.98 A-13 3.67 3.83 
G-24 3.95 3.97 ll-13 3.61 3.82 
P-24 3.62 3.97 1-12 3.61 3.82 
D-24 3.95 3.96 A-12 3.67 ·3. 81 
i-24 •• 27 3.96 ll-12 3.86 3.81 
P-23 3.95 3.94 1-11 3.62 3.81 
G-23 3.95 3.95 A-ll 3.67 3.8o 
D-23 3.95 3.95 A-10 3.67 3.79 
111-23 4.58 3.95 A-9 3.67 3.79 
P-22 3.95 3.95 1-10 . . ,. 3.79 
D-2� 3.95 3.96 1-9 3.23 3.78 
J:-22 3.95 3.95 c-11 3.59 3.76 
r-21 3.95 3.95 ll-10 3.86 3.76 
G-20 4.12 3.95 A-8 lo.12 3.76 
r-20 3.62 3.94 A-7 lo.12 3.76 
G-19 3.62 3.94 A-6 •• 12 3.77 
J:-21 3.62 3.93 B-8 3.95 3.76 
D-21 3.62 3.92 C-9 lo.12 3.77 
P-19 3.62 3.92 C-8 lo.12 3.78 
D-20 3.95 3.91 1-7 3.62 3.78 
J:-20 •• 27 3.92 B-6 . . ,. 3.8o 
D-19 3.95 3.92 D-11 3.95 3.81 
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IRS 5138 (22) B'l'OIIE COLtJMKS • Average Di011eter tor 50 CoDo..,ut.ive 
Col-
COLUMII DIAMrl'EII AVERAGE COLlJM!I DIAMETER AVERAGE 
DIA'IE'l'ER • DIAMETER • 
c-7 • •  12 3 . 81  Jl.-6 3.73 3.&o 
c-6 •• 12 3.81 B-7 3.73 3.19 
B-5 3.95 3.81 r-T 3.73 3.78 
A-5 •• 12 3.82 1-7 3.95 3.78 
A-4 3.67 3.82 11-7 3.95 3.78 
B-4 3.23 3.80 J'-6 3.73 3.17 
C-5 3.86 3.80 B-6 3.73 3.76 
c-4 3.86 3.81 ll-5 3.73 3.17 
B-3 3.62 3.80 B-6 3.73 3.78 
A-3 3.67 3.8o o-6 3.73 3.77 
c-3 4.12 3.81 J'-5 3.73 3.17 
B-2 4 . 34  3.82 B-5 3.73 3.77 
c-2 3.58 3.81 Jl.-4 3.73 3.17 
c-1 3. 58 3.80 R-5 3.73 3. 17 
B-1 3.95 3.80 11-5 3.73 3.75 
A-1 3.67 3.80 r-4 3.73 3. 76 
A-2 •• 12 3.81 1-4 3.73 3.76 
F-14 3.95 3.81 ll-3 3.73 3.76 
B-14 3.62 3 . 81 1-4 3.95 3.76 
G-14 3.62 3.83 o-4 3.53 3. 75 
P-13 3.62 3.82 r-3 3.53 3.74 
11-13 3.95 3.83 B-3 3.53 3.74 
ll-13 3.95 3.83 ll-2 3.53 3.74 
B-13 3.95 3.84 P-2 3.53 3.74 
ll-12 3.62 3.84 11-3 3.53 3.73 
J'-12 3.93 3.84 R-3 3.53 3.72 
E-12 3.53 3.84 R-2 3.53 3.71 
11-12 3.53 3.83 11-2 3.53 3.71 
I'-ll 3. 73 3.8� B-1 3.53 3.70 
R-11 3.95 3.83 Il-l 3.53 3.70 
11-11 3.73 3.83 P-1 3.53 3.70 
B-11 3.95 3.84 B-2 3.53 3.70 
ll-10 3.95 3 . 84 Il-l 3.73 3.69 
E-10 3.95 3.85 B-1 3.73 3.69 
F-10 3.29 3.84 
11-10 3.53 3.84 
B-lo 3.29 3.83 
ll-9 3.95 3.83 
E-9 3.73 3.82 
J'-9 3.73 3.83 
R-9 3.73 3.83 
11-9 3.95 3.84 
R-8 3.73 3.83 
Jl.-8 3.73 3.82 
r-8 3.73 3.81 
G-8 3.73 3.81 
B-8 3.73 3.8o 
Jl..T 3.95 3 . 8o 
91 
A-1 
A-2 • 
A-3 
A-k 
A-5 
A-6 
A-7 
A-8 
A-9 
A-10 
A-ll 
A-12 
A-13 
A-14 
A-15 
A-16 
A-17 
A-18 
A-19 
A-20• 
A-21 
A-22 
A-23 
A-24• 
A-25 
A-26 
A-27 
A-28 
A-29 
A-30 
'-31 
\-32 
A-33 
l!RS 5138 ( 22) STOllE COLIIIIIS 
. 
BEGlll IIID PROBE 
PROBE BEGlll COMP. 
12:04 
12:25 
7 : 50 
3:46 
3:20 
6:16 
5:41 
5:15 
12:07 
11 : 42 
11:15 
9:10 
7:10 
5 : 07 
2 : 20 
2:30 
11 : 56 
11: 13 
11:56 
9 : 53 
2 : 56 
2:32 
1:k6 
10:28 
10:o8 
9 : olo 
3:18 
2 : 43 
1 : 08 
10:50 
10:30 
2 : 32  
2:12 
12:01 
10:12 
1 : 5li 
10:33 
10:14 
9:10 
3:22 
2 : 50 
1 : 15 
10: 35 
2:16 
Z!ID 
COM!'. 
PROBE COlli'. 
.AMP,S . AIO'S 
12:25 160 
12:45 16o 
8:15 16o 
lt:10 16o 
3:46 16o 
6:51 16o 
6:15 16o 
5:40 160 
12:29 160 
12:07 160 
11:42 16o 
9:20 160 
7:22 160 
5:31 160 
2:45 16o 
2 : 58 160 
12:15 160 
11:55 160 
12:15 16o 
10:28 16o 
3:30 16o 
2: 56 160 
2:30 160 
10: 58 160 
10:27 160 
9:29 16o 
3:43 175 
3:00 160 
1:30 160 
11:15 16o 
10:50 160 
2:45 16o 
2:32 16o 
18o 
18o 
18o 
180 
18o 
180 
18o 
18o 
18o 
18o 
18o 
18o 
180 
18o 
160 
160 
180 
18o 
180 
180 
180 
18o 
180 
180 
180 
18o 
190 
180 
18o 
18o 
18o 
180 
lBo 
• In41eat s Test ole 
92 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
.-scKBTS 
01' 
JIOCK 
II 
5 
II 
It 
5 
5 
5 
5 
lo 
II 
lo 
II 
II 
II 
• 
5 
8.lto 
10.50 
8.40 
8.40 
10.50 
10.50 
10.50 
10.50 
8.40 
8.40 
8.1oo 
8.40 
8.40 
8.40 
8.4o 
10.50 
It 8.1oo 
II 8.4o. 
II 8.1oo 
5 . 25 11.03 
11 . 50 9.45 
5 10.50 
5 10.50 
6 12.6o 
5 10.50 
7 14.70 
5 10.50 
6 12.6o 
5 10.50 
6 p.2.6o 
6 jl2.6o 
7 k.TO 
5 �0.50 
AVERAGE 
:DIAMETER 
PUT 
3.67 
11;12 
3.67 . 
3.67 
11.12 
11.12 
lo.12 
•• 12 
3.67 
3;67 
3.67 
3.67 
3.67 
3.67 
3.67 
lo.ll 
3.67 
3.67 
3.67 
11.21 
3.90 
11.11 
11.11 
lqo 
lo.u 
11 . 86 
Jo.u 
11.50 
lo.u 
•• 50 
11.50 
lo.27 
1t,10 
CCILtlll!l JI!Xlii DD PROBE ZIID 
Jll:oc&ER PROBE JI!Xliii COliP. COMP. 
A-311 11: 311 lo:loo 5:05 
A-35 2:113 2:lo8 3:02 
A-36 3:03 3:20 
.A-37 3:21 3:30 3:52 
11-1 11:30 12:� 
11-2 9:12 10:05 
11-3 7:15 7:50 
...  lo:10 11:50 
11-5 2:lo5 3:20 
11-6 10:50 11:50 
11-7 10:13 10:50 
11-8 7:15 8:oo 
11-9 2:58 . . 3:31 
11-10 12: 30 1:22 
11-11 10:loo 11:15 
11-12 8:25 9:o8 
11-13 6:15 6 : 50 
II-llo 3:30 11:25 
11-15 l: lo5 2:20 
11-16 1: 5lo 2:30 
11-17 • 12:16 12:26 . 12:50 
11-18 12:56 1 : 10 1 : 50 
11-19 12:16 12:22 12:55 
11-20 10:30 lO:IoO 11:19 
11-21 ll:lolo lo : 5l  5:1oo 
11-22 3:51 lo:03 11:113 
11-23 3:21 3:28 3: 50 
Jl-2lo 11:31 11:1oo 12:07 
11-25 11:00 11 : 07 11:30 
11-26 9 : 30  p:loo 10:07 
11-27 3:lo3 3:1o8 lo:15 
11-29 2:15 2:22 2 : 1o2 
11-29 12:28 12:35 1:08 
IRS 5138 ( 22) B'l'ONE COLllaS 
PROBE COl!P. llEPTI! llllCICETS 
� .  AMPS FEET 0!' JII)CF; 
16o 18o 17 'I 
16o 18o lT 'I 
16o 18o 1T 6.50 
16o 18o 1T 9.50 
160 180 p 6 
16o 18o '22 'I 
160 180 22 5 
16o 18o 22 • 
16o 18o 22 6 
160 1Bo 22 'I 
16o 1Bo 22 5 
16o 180 22 6 
16o 1Bo 22 • 
160 180 22 7 
160 180 22 5 
160 180 22 5 
16o 1Bo 22 6 
16o lBo 22 5 
160 180 22 5 
16o lBo 22 5 
16o lBo 22 5 
160 180 22 6 
160 lBo 22 6 
16o lBo 22 7 
160 lBo 22 5 
160 1Bo 22 7 
160 18o 22 6 
16o 18o 22 5 
16o 180 22 5 
160 lBo . 22 5 
16o 180 22 6 
160 18o 22 7 
l6o 18o 22 7 
93 
'l'ORS AVEIIACE 
OF . lllAME'l'ER 
IIOCII: PEET 
111.70 •• 86 
111.70 11.86 
13.65 lo.69 
19.95 5.67 
12.6o 3.95 
11o.70 11 . 311 
10.50 3.62 
B.loo 3.23 
12.6o 3.95 
1lo.70 ". 311 
10.50 3.62 
12.6o 3.95 
e.loo 3.23 
11o.70 11 . 311 
10. 50 3.62 
10.50 . 3.61 
12.6o 3.96 
10.50 3.61 
10.50 3.61 
10.50 3.61 
10. 50 3.61 
12.6o 3.95 
12.6o 3.95 
H.70 lo.27 
10.50 3.62 
llo.70 11.311 
12.6o 3.95 
10.50 3.62 
10.50 3.62 
10.50 3.62 
12.6o 3.95 
llo. 70 11.311 
llo.70 "·311 
GALLATift COUll'l'Y 
CIIWIL'I BEG II ZIIIl J'IIOBE J:III) 
ll:oGIEII J'IIOBE JIIIGD aiM!'. CoiG'. 
B-30 9:53 10:02 10:30 
B-31 . 10:30 10:35 10:50 
B-32 2:�6 2:50 3:oll 
B-33 1 : �6 1 : 53 2:12 
B-311 lo : 02 lo : 05 lo : 30 
B-35 3:30 3:33 �:00 
B-36 3:03 3:o6 3:25 
B-37 12:10 12:32 
B-38 10:30 10: 33 11:00 
B-39 . 1 : 39 1:44 1 : 56 
B-40 1:14 1 : 36 
C-l 10:45 11:29 
C-2 10:05 10:�5 
·C-3 8:15 9:10 
C-4 5:55 6:�0 
C-5 · = 50  5 : 50 
C-6 1 : 55 2:�5 
C-7 1:00 1 : 55 
e-8 • 8:55 9:10 9:55 
C-9 8:00 8 : 55 
C-10 4:21 5:14 
C-11 3:33 lo : 20 
e-12• 9 : 20 9:45 10:40 
C-13 7:22 8:25 
C-14 5:33 6:14 
C-15 . 1 : 01 1 : 11 1:�5 
C-16 12:30 1:00 
C-lT 2:58 3:55 
C-18 12:50 1 : 00  1 : 50 
C-19 1:50 2:02 2:30 
C-20 2:31 2:43 3:14 
• Ia 4 cates T 
IRS 5138 ( 22) STO!IE COL!JII:IS 
l'IIOBE COl!!'. llEP'1'II llJCIF.'l'S 
� .  .AIO'S FEET OJ" IIOaC 
16o 18o 22 6 
16o 18o 22 ' 
16o 18o 22 T 
16o 180 22 5" 
160 180 22 6 
16o 180 22 II 
16o 180 22 II 
160 180 22 II 
160 180 22 9 
16o 1Bo 22 ' 
16o 180 22 ' 
16o 1Bo 27 6 
160 1,0 27 6 
16o 180 27 e 
16o 180 27 T 
160 180 27 7 
160 1Bo 27 e 
160 18o 27 e 
160 18o 27 e 
16o 18o 27 e 
16o 18o 27 7 
16o 180 27 6 
16o 18o � 7 
16o 180 22 5 
16o 1Bo 22 6 
16o 180 22 6 
160 18o 22 • 
16o 180 27 6 
16o 180 27. 8 
16o 180 27 6 
16o 18o 2T 6 
e t Hole 
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!ONS 
OJI' 
IIOCIC 
12.6o 
18.90 
1lo.to 
10.50 
12.6o 
16.8o 
16.8o 
16.Bo 
18.90 
18.90 
18.90 
12.6o 
12.6o 
16.Bo 
1�.TO 
11qo 
16.8o 
16.8o· 
16.8o 
16.8o 
14.70 
12.6o 
1�.70 
10.50 
12.6o 
12.6o 
8.�0 
12.6o 
16.8o 
12.6o 
12.6o 
A VIRAG! 
. DIAIIE'l'EII 
JI'!Z'l' 
3-95 
•• 811 
•• 27 
3.61 
3.96 
•• 58 
• •  58 
• •  58 
•• 811 
• •  84 
• •  84 
3.58 
3.58 
• •  12 
3.86 
3.86 
�.12 
•• 12 
•• 12 
• •  12 
3.86 
3.58 
3.86 
3.61 
3-95 
3.95 
3.23 
3.58 
..12 
3.56 
3.56 
QALLATIII COUIITY 
COLUICI BEG Ill DD PROBE IIID 
11\."IGER PROBE BEG Ill COMP. CO!CP. 
C..21 ll:20 11 : 33 11 : 55 
C..22 8: 55 9:50 
C..23 7:56 8 :lo7 
C-2k 7:18 7 : 56 
C..25 12:56 1 :09 1:lo3 
c-26 12:08 12:22 12:55 
C..27 8:07 8 : 30  8:59 
C..28 7:18 7 :30 8 :o6 
C..29 1:31 1:38 2:15 
C..30 11:17 11:25 12:28 
C..3l 8:29 8:38 9:11 
C..32 7:28 7:38 8:28 
C..33 3:20 3:25 3:55 
C-llo 1 :09 1:lo5 
C..35 11:25 11:5lo 
c-36 3:00 3:30 
C..3T 1:20 1:2lo 1:lo5 
C..38 12:35 1:10 
C..39 • 11:loo 11 : 50 12:10 
c-�oo • 2:3lo 2:lolo 3:02 
C..lo1 1 : 58 2 :29 
D-1 7:06 7 :58 
D-2 11:50 12:39 
D-3 T•5T 8:1<5 
D-lo 3 :56 lo : 50 
D-5 11 : 55 12:50 
D-6 6:25 7:05 
D-7 6:07 6:59 
D-8 2:56 3:38 
D-9 • 12:39 12:56 1:30 
D-10 8:r.6 9 : 30  
• I dicat.eo 
IRS 5138 (22) BTO!IE COLIIIIIS 
PROBE COMP. IIEPl'B aJCKE'l'S 
� .  AMPS FE!'!' OP IIOCit 
16o 1eo 27 ·  T 
16o 1eo 27 T 
16o 1eo 27 8 
16o 180 27 8 
16o 1eo 27 7. 
160 1eo 27 9 
16o leo 27 ' 
160 1eo 27 8 
160 1eo 27 10 
16o 1eo 27 T 
160 1eo 27 8 
160 190 27 7 
160 1eo 27 8 
160 leo 27 9 
16o leo 27 9 
16o 180 27 8 
16o 180 27 8 
160 16o 2T ' 
160 16o 27 ' 
160 180 27 11 
16o 180 2T 11 
16o 1eo 37 9 
160 1eo 37 8 
16o 1eo 37 9 
16o 1eo 37 9 
16o 1eo 31 9 
16o �eo 37 9 
160 �eo 37 10 
16o �eo 37 9 
�60 �"eo 37 10 
60 eo 37 10 
eot Dol � 
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!OilS AVERAGE 
OF J)IAIIETr:R 
IIOCit FEET 
1 •• 70 3.86 
1 •• 70 3.86 
16.eo • •  12 
16.80 •• 12 
1lo.To 3.86 
18.90 •• 38 • 
18.96 •• 38 
16.eo • •  12 
21.00 •• 62 
1lo.TO 3.86 
16.eo • •  12 
11o.1o 3.86 
16.eo •• 12 
18.90 •• 38 
18.9Q •• 38 
16.eo • •  12 
16.eo. ..12 
18.90 lo.38 
18.90 • •  38 
23.10 lo.Sio . 
23.10 lo.Sio 
jl8.9o 3.73 
l6. eo  3.53 
18.90 3.73 
18.90 3.73 
8.90 3.73 
�8.90 3.73 j2l.oo 3.95 
8.90 3.73 
j2l.oo 3.95 
pl•OO 3.95 
----------�GA�UA""T�I-I'CO���r----------------,IRmmS�5�l��al(222�)r,��,���·g-----------------------------------
cawra III!GIR I!:IID I'IIOBE EIID PROBE 
IICoaiER l'f!OBE UCIJ COMP. COlli'. Aw.S .  
JI-ll 11 : 5  12:55 160 
11-12 7:1 7:�5 16o 
11-13 5:1[ 5 :lo5 160 
II-llo ' ··2� 5 :06 160 
D-15 lo!2� 11:01 160 
D-16 1 : 1� 1 :26 2:00 16o 
D-17 12:3; 12:lo3 1:15 16o 
D-18 . lO:lo6 11:00 11••5 16o 
D-19 1<:16 • • 26 1< : 50 16o 
D-20 3:00 3:10 3:30 160 
D-21 1 : 35 1••• 2:10 16o 
D-22 9••0 9 :50 10:11 160 
D-23 7:25 7 : 35 7:57 160 
D-2� ··06 •••5 160 
D-25° 1 :1. 1 :22 1 :55 160 
D-26 9••2 10:12 160 
D-27 7:25 8:15 160 
D-28 8 :30 9:35 160 
D-29 2:20 2:21 3:15 175 
D-30 1:08 2:19 175 
D-31 � :01 • ·•s 
D-32 1:•6 . 2 :39 160 
D-33 9 :35 9:1>6 10:30 16o 
��-� 3:56 ··olo •••5 160 
D-35 10:48 10:53 11:25 160 
D-36 2:27 2 : 30 3:00 160 
D-31 12:07 12:10 12:33 160 
D-38• 2:03 2:08 2:.0 160 
D-39 9:•8 10:00 10:30 160 
�o• 3:05 3:10 3:.2 160 
Indieateo T t Boles 
COlli'. DEP'l'll IUCICE'l'S 
Alii'S FEET 01' IIOCK 
180 3T 10 
18o 22 5 
18o ' 22  6 
18o 22 6 
lBo 22 5 
18o 1!2 6 
18o 22 5 
18o 22 6 
180 22 6 
180 22 6 
180 22 5 
180 22 .6 
18o 22 6 
180 22 6 
180 22 6 
180 22 7 
18o 22 7 
180 37 10 
200 37 B 
190 37 9 
37 ll 
190 37 ll 
18o 37 1lo 
180 37 1lo 
180 37 15 
180 37 13 
180 37 16 
160 37 20 
16o 37 13 
180 37 16 
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'l'OHS 
OP' 
lOCK 
21.00 
10.50 
12.6o ' ' 
12.6o 
10.50 
12.60 
10.50 
12.60 
12.60 
12.6o 
10.50 
12.6o 
12.6o 
12.6o 
12.6o 
llo.70 
11o.70 
21.00 
16.8o 
18.90 
23.10 
23.10 
29.1oo 
�-·0 
31.50 
�7.30 �3.60 
�2.00 
�7.30 
p3.16 
AVERACE 
··DIAMETER 
FEET 
!.95 
!.62 
!-.95 
3-95. 
3.62 
·3.95 
3.62 
3-95 
3-95 
3-95 
3.62 
3-95 
3-95 
3.95 
3-95 
· ·27 
··21 
3-95 
3.53 
3-73 
•• 12 
. 1>.12 
•• 67 
•• 67 
lo.82 
· ··9 
··99 
5 .58 
- ··9 
•• 99 
----------,WU�AAUffT.mV70U�w�.�.��----------------�IRIR����2l �ut:•c�o��u���s�---------------------------------
r.oLUI!l BEG Ill IIIII PROBE END PROBE CQriP. DEP'l'll BUCKE'l'S 'l'OJIS AVERAGE 
COM!'. AMP.3 .  AMPS FEET Ol' OF ' DIAMETER -- PROBE BEG Ill COM!'. 
1IOCK IIOCIC nzr 
&-1• 7:59 8:1S 8:�6 16o 180 3T 9 18.90 3-73 
&-2 6:16 6:59 16o 180 37 8 16.80 3.53 
&-3 10:S8 11:50 16o 180 3T 8 16.80 3.53 
B-4 7:02 7:55 16o 180 37 9 i8.90 3.73 B-5 3:06 3 : 55 160 180 . rr 9 18.90 3-73 . B-6 11:06 11:54 16o 180 37 9 18.90 3.73 
B-T 7:05 7 :50 16o 180 37 9 18.90 3-73 E-8 5 :21 6:07 160 180 37 9 18.90 3.73 E-9 1 : 37 2:25 160 180 37 9 18.90 3.73 E-10 9 : 31  10:24 16o 180 37 10 21.00 3-95 E-ll 7 :57 8:4S 160 180 37 10 21.00 3.9S B-12 8:28 9:15 160 180 37 8 16.80 3.53 E-13 5 :50 6:25 160 180 22 6 12.6o 3.95 E-14 2:10 2:45 160 180 22 5 !lo. so 3.62 E-15 11:55 12:30 160 180 22 5 jlo.so 3.62 E-16 9 :35 10:25 160 1Bo 22 6 J12.6o 3-95 E-17 12:33 12:43 1:15 160 180 22 5 1'-0.50 3.62 E-18 9 :50 10:02 10:45 160 180 22 5 1'-0.50 3.62 E-19 7:18 7:28 8:25 160 190 22 6 l'-2-6o 3.95 E-20 3:30 3:39 �:15 160 1Bo 22 7 4.70 ··27 B-21 12:59 ,'1:07 1:35 165 185 22 5 o.so 3.62 E-22 10:12 10:22 10:48 160 1Bo 22 6 2.6o 3.95 E-23 7 :57 8 :07 8:55 160 180 22 8 6.80 �-58 E-24 �:loT 5:27 160 180 22 7 lo.70 •• 27 E-25 1:55 2:03 2:28 16o 1SO 22 6 2.6o 3-95 E-26 11:00 11 : 08 1:50 160 190 22 6 2.60 3-95 E-27 8:15 9:00 16o 180 22 7 4.70 lo.27 B-28 •• oo 5:04 16o j180 3T 9 8.90 3.73 B-29 7:30 8:30 �6o �eo 37 10 1.00 3-95 11-30" 8:34 9:12 9:40 fLT5 poo 37 10.50 22.05 �.02 s-n• 2:�5 2 : 58 •=oo �60 1'-80 37 13 27.3:1 •.•e S.32 12:32 1:116 6o 90 37 11 23.10 11.12 
• Indieo es Te1t ole 
97 
C!WI!! BEGIW Elm PROBE laiD 
Jl:ocm:R PROBE BEGII COMP. C0141'. 
l.-33 8:05 8:3.2 8:�0 
r..� •:so ••55 5:30 
&-35 11:55 12:25 
:s-36 .8:29 8:� 9:02 
:1-37 1 :•5 1:50 2:27 
1-38 11 : 37 11:.1 12:07 
l.-39 8:26 8:30 8:58 
:s-�o 7:55 8;00 8:25 
l.-�1 7:19 7:23 7:52 
J'-1 5:31 6:16 
J'-2 12:�0 1:15 
J'-3 10:26 10: 57 
F-� 6:15 7:00 
J'-5 2:26 3:o6 
J'-6 10:29 11:o6 
F-7 7:50 8:�5 
1'-8 3:39 ••21 
1'-9 11:27 12:05 
1'-10 10:25 11 : 00 I'-ll• 10:10 10:30 11:1L 
1'-12 7:L5 8:28 
1'-13 3:25 • • 25 
I'-lL 1 : 30 2:10 
Jl'-15 11:01 11:50 
Jl'-16 8:L5 9:35 
Jl'-17 6:03 6:12 6:39 
Jl'-18 • •59 5 : 07 5:30 
Jl'-19 2:10 2:20 2:�� 
Jl'-20 11:52 12:02 12:25 
1"-21 10:.8 10:58 11:20 
1"-22 8:55 9:05 9:39 
Jl'-23 5:26 5:57 
• Ia.d.ieates est Bole 
IllS 5138 ( 22) ll'ro!IE COIAJGIS 
PROBE COMP. IIEPTII IIUC"a.t'S 
AMP.3 .  AMPS n:rr OJ' 
ROCK 
16o 18o 37 1S 
16o 180 37 13 
160 18o 37 1. 
16o 180 37 11 
16o 18o 37 1. 
160 180 37 15 
16o 18o 37 17 
160 18o 37 15 
16o 180 37 15 
16o 18o 37 8 
16o 19o 37 8 
160 180 37 8 
16o 18,0 37 !i1 
160 lBo 37 !1 
160 180 37 !i1 
160 18o 37 !1 
160 180 37 !1 
160 18o 37 !1 
16o 180 31 7 
160 18o 37 !i1 
16o 180 22 6 
16o 18o 22 5 
16o 18o 22 6 
160 180 22 5 
16o 180 22 6 
16o 19o 22 6 
160 18o 22 5 
160 �80 22 5 
160 8o 22 5 
16o j180 22 6 
6o 1'-80 22 6 
f6o 80 22 6 
98 
'l'OIIS AVERAGE 
OJP · DIAI!ETI!I 
IIOCIC PE!'r 
31.50 •• 82 
27.30 ••• 8 
29.�0 •• 67. 
23.10 •• 12 
29 •• 0 •• 67 
31.50 • •  82 
35-70 5.1. 
31 .50 • •  82 
31.50 •• 82 
16.Bo 3.53 
16.Bo 3.53 
16.8o 3.53 
18.!10 3.73 
18.!10 3.73 
18.2o 3.73 
18.90 3.73 
�8.90 3.13 
18.!10 3.73 
1�.70 3.29 
18.90 3.73 
12.6o 3.93 
10.50 3.62 
12.6o 3-95 
10.50 3.62 
12.6o 3.95 
12.6o 3.95 
10.50 3.62 
10.50 3.62 
10.50 3.62 
12.6o 3-95 
l2.6o 3.95 
12.6o 3.95 
IRS 5l3B (22) El'l'OIIE-CO!..u'M"'-.'--���������������-
CClLIJI.t'l Bl!Glll 1!11D PROBE lllll PRCIIIE COMP. DEP'l'll IIUCDTS 'l'OIIS AVERAGE 
� .  AMPS FEET OF OF DIAMETER llliii!ER PROB! BJ!GIR COMP. COMP. JIOCit IIOCit FEET 
P-24 3:30 • •05 16o 18o 22 5 10. 5(·· 3.62 
P-25• 11:50 12: 25/12: 52 1:1� . 16o 180 22 6 12.6o 3.95 
P-26 9:00 9:.1 16o 180 22 T 14.70 ··21 
P-21 5:05 5:.7 16o 18o 22 10 21.00 3.95 
P-28 9:35 11 : 02 16o 18o 37 5I 18.90 3.73 
P-29 3:06 3:16 • • oe  160 18o 37 11 23.10 • •  12 
P-30 11:36 12:30 16o 1� 37 11 23.10 • •  12 
P-31 10:40 10:47 
• 
11:35 16o 180 37 111 29.40 11.67 
F-32 7:23 7 :37 8:04 160 18o • 37 1" 29 . 40 4.67 
F-33 5:33 5:35 6:00 l60 18o 37 12 25.20 • • 32 
F-34 12:·21 1:07 160 180 37 llo 29.40 •• 67 
F-35 10:11 10:15 10:48 160 18o 37 12 25.20 • •  32 
F-36 7:45 7 : 50 8:26 16o 160 37 1k 29.ko •• 67 
F-37 12:07 12:10 12:33 16o 160 37 16 33.6o •• 99 
F-36 10:56 11:00 11:25 160 180 37 18 37.eo 5.28 
F-39 10:16 10:20 10:55 16o 160 37 17 35.70 5.14 
F-40 8 : 59 9:o4 9:30 160 18o 37 1" 29.40 4.67 
G-1 •:43 5 : 30  160 18o 37 8 16.8o 3.53 
G-2 3:30 "•10 16o 18o 37 8 16.8o 3-53 
G-3 1:16 2:00 160 18o 37 8 16.Bo 3.53 
G-4 • 9:21 9:45 10:25 160 180 37 8 16.8o 3.53 
G-5 5:51 6:•o 160 18o 37 9 18.90 3.73 
G-6 1:41 2:25 160 160 37 9 18.90 3.73 
G-7 • 9:35 9:49 10:28 160 18o 37 10 21.00 :S-95 
G-8 k:22 5:21 160 18o 37 9 18.90 3.73 
G-9 • 1:00 1:12 2:00 160 18o 37 10 21.00 3.95 
G-10 11:01 11:43 16o 180 37 8 16.8o 3.53 
G-11 •r:�7 7:56 16o 180 37 9 18.90 3. 73 
G-12 9:20 10:10 160 18o 37 8 p.6.8o 3.53 
G-13 "' 37 5:10 160 180 22 6 p.2.6o 3.95 
';-1" 2:k5 3:25 160 16o 22 5 .. 0. 50 3.62 
• In d cates T e t Roles 
99 
IIALLATII COUIITY 
COLIJI!.'I BEG Ill EIID PROBE EIID 
11:11BE11 PROBE llmlll CO!oll'. COMP. 
�15 2:50 3:30 
�16 8:00 8:�5 
�17 7:15 8:00 
�18 5 : 30  5:�0 6:02 
�19 12:25 12:35 12:58 
�20· 11:21 11:30 11:50 
�21 11:1� 11:20 12:00 
�22 10:08 10:32 11:1� 
�23 5 : 58 6 : 31  
�2� 3:00 3:30 
�25 2:26 2:� 3:00 
�26 . 10:13 11:00 
B-1 lo:10 lo:lo2 
11-2 2:50 3:30 
B-3 2:05 2:50 
B-lo 8:�6 9:26 
11-5 lo : 55 5:50 
R-6 12:51 1:1oo 
B-7 8:�7 9:35 
B-8 2:00 2:55 
B-9 12:05 1 : 00 
B-10 11:" 12:37 
B-11 ll:15 12:00 
• h!i ate• 'l'el 
IRS 5138 (22) BTO!IE COWMIIS 
PROBE COI!P. DEPTII BUCKETS 
AMP,S .  AMPS � 
or 
110(% 
160 18o 22 5 
16o l8o 22 6 
160 l8o 22 6 
16o 18o 22 6 .  
16o 18o 22 5 
16o l8o � 6.50 
175 200 sr 8 
175 200 37 8 
16o 18o 22 6 
16o 180 22 6 
160 18o . 22 6 
16o 180 22 7 
160 l8o 37 8 
16o 180 37 8 
160 18o 37 8 
160 180 37 10 
160 ieo 37 9 
160 18o 37 9 
160 18o 37 10 
16o 1110 37 9 
160 18o 37 9 
16o 18o 37 7 
160 18o 37 10 
Hole 
100 
'lOllS AVERAGE 
OF DIAME'l'!R 
ROCK PI!!E'l' 
10.50 3.62 
12.6o 3.95 
12.6o 3.95 
12.6o 3.95 
10.50 3.62 
13.65 lo.12 
16.8o 3.53 
16.8o 3.53 
12.6o 3.95 
12.6o 3.95 
12.6o 3.95 
1�.70 lo.27 
16.8o 3-53 
16.8o 3.53 
16.8o 3.53 
21.00 3.95 
18.90 3.73 
18.90 3.73 
21.00 3.95 
18.90 3.73 
111.90 · 3.73 
I�.70 3.29 
21.00 3.95 
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